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ABSTRACT

CELL ADHESION BIOPHYSICS ON DYNAMIC
POLYMER CONSTRUCTS
FEBRUARY 2015
ANDREAS P. KOUROUKLIS
DIPLOMA, NATIONAL TECHNICAL UNIVERSITY OF ATHENS
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Harry Bermudez

The biophysical characteristics of cell adhesion from single protein to cell length
scales have primarily been studied using purely elastic substrates. However, natural extracellular matrix (ECM) is viscoelastic and contains mobile components. In
this work, we combined chemistry and cell biology tools to design and characterize
laterally mobile viscoelastic polymer films that promote receptor-specific cell adhesion. Moreover, we used amphiphilic block copolymers that are end-labeled with
RGD peptide ligands to allow for integrin-mediated cell adhesion. The addition of
a trace hydrophobic homopolymer in the supported bilayer block-copolymer films is
used to tune the lateral mobility of the films. NIH 3T3 fibroblasts demonstrate a nonlinear spreading response against the mobility of the RGD-displaying polymer films.
Employing immunostaining and adhesion strength assays, we decoupled the partial
contributions of focal adhesions (FA) and integrin-RGD complexes on cell adhesion.

vii

Furthermore, we employed these biomimetic polymer platforms to investigate the importance of viscous dissipation within the extracellular substrate and its connection to
cell-surface receptors. Our results suggest that cells preferentially use αv β3 and α5 β1
integrins to control spreading and polarization in response to mechanical properties
of their substrate. In order to further control the spatial presentation of biochemical
molecules on mechanically-tunable polymer substrates, we successfully transferred fibronectin patterns on bilayer polymer films. We showed that NIH 3T3 fibroblasts
spreading and adhesion features depend on the mechanical properties of these hybrid materials even in the presence of spatially and chemically identical biochemical
signals. Overall, the present work demonstrates the potential of amphiphilic block
copolymers to form artificial substrates that can capture a key feature of cell-ECM
interactions: specifically, the ability of cells to induce changes in the substrate over
time. Furthermore, it highlights the need for future studies on cell-substrate interactions that simultaneously consider the time-dependent mechanical properties of the
ECM, the spatial characteristics of ligand presentation, and the receptor-mediated
intracellular signaling.
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CHAPTER 1
INTRODUCTION

1.1

Extracellular matrix (ECM) and cell adhesion

The material that surrounds the cells in biological organs and tissues constitutes
the extracellular matrix (ECM). ECM displays a large variety of biochemical and biophysical cues with critical role on cellular functions such as morphogenesis, migration
and tissue regeneration.[34, 79, 113] Moreover, the various components of the ECM
(i.e. collagen, fibrin, fibronectin, growth factors, cytokines) are secreted and remodeled by cells in response to their physiological and pathological conditions[34, 79, 113]
(Figure 1.1), highlighting the ongoing interplay between cells and their ECM.[2, 19]
A significant aspect of these cell-ECM interactions is the spatiotemporal distribution of biochemical cues.[79] For instance, the natural ECM growth factors bind
unfolded extracellular proteins (e.g. fibronectin)[79]. This preferential presentation of
biochemical motifs and growth factors favors the simultaneous activation of different
cell membrane receptors (i.e. growth factor and integrin receptors), with consequent
effects on cell proliferation and migration.[82, 138, 183] Using these membrane receptors, cells can also modify the distribution of extracellular components.[4, 109] (Figure 1.2a-d). The outcome of this interaction is also determined by the biophysical cellECM interactions that primarily reflect the competition between cell-generated contractile forces and the mechanical properties of the ECM.[29, 64, 125] The latter are
strongly associated with the physical characteristics of extracellular proteins and their
time-dependent configuration changes as result of cell-induced stretching[78, 108, 123]
(Figure 1.2e)
1

Figure 1.1: Reproduced with permission of the Journal of Cell Science.[34]The cellsECM interface under normal physiological conditions (left cartoon). The cells-ECM
interface for wounded or fibrotic tissue conditions (right cartoon). The comparison
of these two different states of the cell-ECM environment highlights the dynamic
compositional and structure characteristics of the ECM.

This ongoing interaction between cells and their ECM is primarily mediated by
the integrin family of transmembrane cell receptors,[80, 155] (Figure 1.3). Integrins are assembled by two heterodimer units (α and β) whose biochemical features
control their binding to specific extracellular motifs (e.g. RGD, PHSRN).[66, 116,
151] Bound integrins display distinct configuration features[136] that promote their
clustering[179, 190] and activate intracellular signaling pathways.[38, 153] As result,
integrins support the formation of cytoplasmic protein networks (Figure 1.3).[20, 21]
These sub-cellular adhesion complexes are mechanical links between the actin cytoskeleton and the extracellular matrix. Moreover, they are initially formed at the
edge of lamellipodia[35, 122, 149] as small dot-like structures called focal complexes.
Focal complexes demonstrate the ability to either disassemble or evolve to larger and

2
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b
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d

Figure 1.2: Reproduced from Antia et al.[4] with permission from The Royal Society
of Chemistry. Cell adhesion substrate of GFP-fibronectin at 24h (a) and 96h (b) of fibroblasts seeding. Firbroblasts spreading characteristics on the same GFP-fibronectin
substrates at 24h (c) and 96h (d). These simultaneous changes of the fibronectin substrate and the spreading phenotype of fibroblast cells highlight the cell-induced ECM
remodeling related with the unfolding of fibronectin molecules due to cell-generated
stress (e). Copyright by the National Academy of Sciences.[78]

more stable structures called focal adhesions (FAs),[159, 173, 180] through a process
that is mediated by the extracellular physical resistance against the integrin transmitted actin-myosin contractions[20, 60, 65] (Figure 1.3).
In summary, cell adhesion involves a complex multi-sensor system (e.g integrins,
focal adhesions) that is recruited to probe the dynamic biochemical and biophysical
cues of their ECM. In the following section, I give a short description of artificial ECM
models, created in order to facilitate a better understanding of cell-ECM interactions.

1.2

Biomaterials for artificial ECM mimics

The large variety of extracellular cues in natural biological environments obscures
the evaluation of independent events during the different stages of cell adhesion. For
this reason, a strategy has been developed to examine cell-ECM interactions through
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Figure 1.3: Reproduced with permission of the Journal of Cell Science.[64] Integrin
mediated adhesion on the ECM and their interconnected feedback loops. Integrins
bind the ECM and cluster in close proximity initiating a series of intracellular modules
associated with actin-myosin II contraction and cytoskeleton regulated proteins. The
expression of these modules depends on the integrated response of the whole system
to the characteristics of the ECM.

the creation of biomaterials that present different features of the ECM[113, 139, 171]
(Figure 1.4).
The physical adsorption of extracellular adhesive proteins on solid substrates was
one of the first efforts to display biochemical signals on artificial systems.[158] In
this manner, fibronectin[158, 177] or other ECM proteins[144, 164] were adsorbed on
glass substrates to examine the effects of fibroblast-fibronectin interactions on cell
spreading and adhesion strength. Despite the simplicity of this method, the adsorbed
proteins demonstrate unstable configuration characteristics in response to their structure and the properties of the supporting substrate.[54, 72] To obtain higher control
over the distribution of biochemical cues, later work transferred protein patterns
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Figure 1.4: Reprinted from ”Biomimetic approaches to modulate cellular adhesion
in biomaterials: A review.” Copyright (2013), with permission from Elsevier.[139]
Methods for the creation of partial mimics of the ECM that promote receptor-ligand
interactions. From the left to right: Natural ECM biomaterials intend to mimic
ECM complexity. However, they deprive the ability to maintain consistent physical
and chemical properties. Whole ECM adsorption is based on the physical adsorption
of ECM proteins on solid substrates. The simplicity of this method is compromised
by the complexity of proteins folding and arrangement on solid substrates. Synthetic
linear binding motif improves the specificity of cell adhesion, but it lacks natural
like orientation and dynamic presentation. Spatially oriented binding motif involves
advanced material fabrication techniques (e.g. controlled nanoparticle arrangement
assisted by block copolymer assembly[6]) to tune the spatial features of linear binding motifs. Nanopatterning with nanolithography assists the spatial distribution of
binding motifs in a more physiologically relevant topography. ECM-like biomaterials
involve the controlled mix or modification of biological materials to mimic both the
biochemical and biophysical features of the natural ECM.

with controlled geometric features on chemically activated solid substrates. Chen et
al.[30, 31] pioneered this method, correlating the geometry of fibronectin pattern with
cell shape and intracellular organization (Figure 1.5). Similarly engineered surfaces
were also developed to explore biophysical characteristics of cell adhesion such as the
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magnitude of cell-generated contractile forces[132] and the quantification of adhesion
strength.[55, 62]

a

b

Figure 1.5: From ”Geometric control of cell life and death”. [31] Reprinted with
permission from AAAS. Cell fate is controlled by the size and and distribution of
the protein pattern. Cell spreading was controlled by the size and the geometric
distribution of the fibronectin (FN) substrate. From left to right: On intermediate
size of FN dots, cells demonstrate increased apoptotic behavior. On substrates with
closely distributed small FN dots, cells develop spreading area that is larger than the
overall area of FN dots. On large size FN dots, cells can efficiently promote their
spreading.

However, extracellular binding motifs[131] provide an alternative approach for the
controlled presentation of biochemical cues. These motifs are short amino acid sequences (peptides) that are less sensitive to temperature and pH variations than
their corresponding ECM proteins.[72] In addition, the small peptide size facilitates the generation of cell adhesive substrates with well defined nano-patterning
6

characteristics,[5, 6] in contrast with their inconsistent distribution in physically adsorbed proteins.[51] One of the first peptides involved in cell adhesion is the arginineglycine-aspartate (RGD)[131, 150] amino acid sequence, which is part of different
ECM proteins (e.g. fibronectin, vitronectin). RGD peptides were initially used to
decorate solid substrates through covalent attachment. Massia et al.[118] tethered
RGD peptides with controlled surface density on amine- reactive glass surfaces in
order to investigate the ligand density requirements for integrin-mediated fibroblast
adhesion. Similarly, Arnold et al.[6] modified nano-patterned Au nano-dots with thiol
ended cyclic RGD in order to simultaneously obtain control on ligand density and its
geometric distribution.
However, the ECM is a highly dynamic system where different components change
position with time. Therefore, the advantages associated with the use of short peptide
motifs were compromised by their static presentation due to grafting. To overcome
this obstacle and create ECM models with natural-like biophysical properties, previous work employed peptide functionalized synthetic polymers.[113, 139] Kuhlman
et al.[96] used poly(methyl methacrylate)-graft-poly(ethylene oxide) PMMA-g-PEO
comb polymers with different length of peptide modified PEO chains in order to examine the effects of ligand clustering and substrate remodeling on the rate of cell
spreading (Figure 1.6).
Other strategies are focused on the formation of artificial ECM models with tunable mechanical properties. Engler et al.[56] used chemically cross-linked polyacrylamide gels decorated with collagen to reveal the interplay between ligand density
and elastic modulus on cell spreading. Interestingly, similar gels unveiled the role of
substrate elastic properties on the differentiation of mesenchymal stem cells.[57] More
recently, artificial ECMs were fabricated by physically cross-linked agarose gels with
RGD peptides that examine the interplay of elastic properties and ligand clustering
on cell adhesion.[77]
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a

b

Figure 1.6: Reprinted from ”Interplay between PEO tether length and ligand spacing governs cell spreading on RGD-modified PMMA-g-PEO comb copolymers”. [96]
Copyright (2007), with permission from the American Chemical Society. (a) The
spatial extend of substrate remodeling was mediated by controlling the length of the
RGD functionalized PEO side chain. (b) Cell area increased faster on substrates with
longer PEO side chains.

a

b
c

Figure 1.7: Reprinted from ”Substrate compliance versus ligand density in cell on gel
responses”.[56] Copyright (2007), with permission from Elsevier. (a) The interplay
between substrate compliance and ligand density of the substrate on cell projection
area. Reprinted from ”Matrix elasticity directs stem cell lineage specification”.[57]
Copyright (2006), with permission from Elsevier. (b-c) Mesenchymal stem cell differentiation as a function of substrate elastic modulus.

Nonetheless, the natural ECM demonstrates a viscous component in addition to
an elastic component.[24, 175] Since previous work was concentrated on the mimicry
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of the elastic component, future studies on the creation of fluid-like substrates with
ECM characteristics will enable us to better understand cell behavior on the natural
ECM.

1.3

Block copolymers

Block copolymers are made of more than one covalently linked polymer chain of
different chemistry and molecular weight. A key characteristic of block copolymers
is their ability to organize into various different structures in response to the solvent
conditions.[13, 71] Interestingly, amphiphilic block copolymers resemble the aggregation behavior of smaller surfactant and lipid molecules. Nonetheless, the large molecular weight of the block copolymers results to the formation of significantly more stable
structures,[18, 47, 48] due to the high energy penalty associated with the release of an
amphiphilic polymer chain from their microphase to solution. In addition, previous
work on assembled block copolymer vesicles (polymersomes) demonstrated how, by
controlling the size and chemistry of block copolymer chains, they gained control over
the mechanical properties,[47] mobility,[101] and nanoscale organization.[165] These
spatiotemporal characteristics of block copolymer structures has inspired their use
for mimicking the functionality and complexity of biological systems.[15, 47, 165]

1.4

Fabrication and characterization of supported polymer
films

The creation of polymer surfaces is important for many applications of industrial
and biological interest. Significant properties of polymer interfaces such as the density and presentation of functional molecules require the careful selection of block
copolymer features and assembly conditions.
The Langmuir-Blodgett technology exploits the properties of amphiphilic molecules
to arrange themselves between the air and liquid phases and create interfacial mono9

layers called Langmuir films.[176] Amphiphilic block copolymer films have significant
air/water interfacial activity, and distribute their hydrophilic block toward the water
phase while their hydrophobic block toward the air phase. To form block copolymer
Langmuir films, a solution of block copolymer in a volatile organic solvent (e.g. chloroform) is applied at the air/water interface. The solution spreads over the interface to
decrease the high surface energy of the air-water interface. At the same time, solvent
evaporation results in the formation of an interfacial one-molecule thick monolayer
whose thickness depends on the chemistry, the molecular weight and the configuration
of the block copolymer chains. The configuration of the polymer chains is controlled
through the compression of the interfacial area, one of the major strengths of the
Langmuir-Blodgett technology. Compression of block copolymer chains has been applied to induce brush-like configuration of highly packed interfacial monolayers.[103]
The configuration and the interfacial behavior of these monolayers is characterized
by continuous monitoring of the surface pressure as controlled by the surface density.
Moreover, to exploit the formation of these interfacial films in practical applications,
Langmuir-Blodgett (LB)[23] and Langmuir-Schaefer (LS)[98] methods were developed to efficiently transfer the monolayer films from the air-water interface onto solid
substrates, resulting to the creation of supported multilayers.[25, 45, 87, 103, 176]
The characterization of supported multilayer films resulted by LB and LS transfer has previously involved a number of different techniques (e.g. low angle x-ray
diffraction, infrared spectroscopy)[176]. In this work, there is significant interest to
control and measure the lateral mobility of the polymer chains in the supported bilayer
films. A widespread method for the measurement of lateral mobility is the fluorescence recovery after photobleaching (FRAP).[7] FRAP is a fluorescence (confocal)
microscope assisted technique that has been widely employed for the measurement
of molecular mobility on interfaces and lipid membranes.[8, 101, 137, 143, 157, 182]
To render the supported block copolymer films suitable for FRAP, a low fraction of
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the block copolymer chains is labeled with a fluorescent dye (6.2). The composition
of fluorescent polymer chains used is determined by consideration of the mobility
characteristics of the supported polymer films and the laser power of the fluorescent
microscope in order to minimize the effects of the fluorescent dye on mobility.[70]

1.5

Outline

This thesis describes the development of dynamic polymer constructs and the
study of biophysical mechanisms of adherent cells. These materials intend to partially
mimic biochemical and biophysical features of the extracellular matrix (ECM). Some
applications include the formation of better in vitro tissue-ECM models, cell-sorting
devices and functional surfaces of biomedical materials. Moreover, the biophysical
characterization of cell adhesion mechanisms over dynamic polymer constructs provides an important perspective on time-dependent biophysical cues that affect cell
adhesion. In particular, we focus on the development of two-dimensional (2D) polymer films with tunable lateral mobility. These films can exhibit adhesion motifs
available for cell-induced remodeling or can support fibronectin dots with defined geometry and size. Cell adhesion studies specifically explore the responses of NIH 3T3
fibroblasts on film mobility and and its interplay with the FN dots.
In chapter 2, we investigate the interfacial formation of block copolymer monolayers and their subsequent transfer onto solid substrates. Block copolymers are ideal
candidates for the creation of dynamic polymer constructs, because of their propensity
to self assemble and create functional polymer structures without interchain covalent
bonding. Furthermore, we demonstrate that controlled mixing of block copolymers
with homopolymer chains induced significant effects on the lateral mobility of the
block copolymer chains at the free surface of the bilayer films. For the characterization of lateral mobility, we adapt the biophysical technique of fluorescence recovery
after photobleaching (FRAP) on bilayer films that contained a suitable fraction of
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fluorescein-labeled polymer chains. In addition, we incorporated RGD-labelled block
copolymer chains during the assembly of the bilayer films, rendering cell adhesion an
integrin-specific process. Fibroblasts demonstrated biphasic spreading response that
is distinct from previous work on cell spreading over elastic substrates. To unravel
the mechanisms behind this behavior, we studied the formation of focal adhesions
and investigated the role of non contractile responses by means of a centrifugationadhesion assay. The non- contractile contributions during cell spreading on mobile
substrates highlights the role of integrins on the recognition of film mobility.
For this reason, in chapter 3, we discuss the role of different integrin receptors on
cell adhesion over mobile films. Since our films present RGD peptides, we focus our
interest on αv β3 and α5 β1 integrins that both recognize RGD peptides. Moreover,
we are extremely interested on mobility sensing by αv β3 and α5 β1 integrins, because
they are associated with cell responses to the mechanical properties of their ECM.
We investigate the effects of αv β3 and α5 β1 integrins on the final cell spreading and
polarization of fibroblast cells by means of inhibitory antibodies. In a similar manner, we found the rates of spreading and polarization by means of a semi-empirical
sigmoidal equation. We were able to identify that cells preferentially employ αv β3
and α5 β1 in order to promote cell spreading and polarization on low mobility and
high mobility films, respectively. Moreover, we showed that the interplay between
film mobility and integrin functionality has different quantitative effects on the rate
of cell spreading and polarization.
In chapter 4, we developed a new type of artificial extracellular substrate by
printing a fibronectin pattern on films with different mobility. Previous cell studies
on protein-patterned solid substrates have unveiled significant biophysical information related with the transmission of forces and the formation of focal adhesions in
response to the pattern. In our work, the film supported fibronectin dots constitute
an alternative approach for the creation of more dynamic substrates that can inter-
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rogate similar questions of cell adhesion mechanisms. Our results suggest that cells
respond to the mechanical characteristics of the FN support through the size (area)
of cell-FN interface and their position on the FN dots.
In chapter 5, we elaborate on the conclusions of this study, the potential of the
dynamic polymer films to address other biological applications and a series of future
research suggestions motivated by our results.
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CHAPTER 2
CELL ADHESION ON MOBILE POLYMER FILMS

1

2.1

Introduction

Regulation of cellular function from a genetic or biochemical perspective has been
appreciated and studied for many decades. Yet only recently have the biophysical effects on cellular function gained more attention. Towards understanding such
effects, a large effort has been dedicated to the development of artificial materials [113, 171] that mimic different characteristics of the native extracellular matrix
(ECM) [34, 113, 171]. These artificial materials are designed to present cell-adhesive
ligands or proteins, while displaying a range of physical properties such as texture
[42], geometry [121], and stiffness [56, 168, 189]. In turn such materials allow the
examination of cell functions including cell motility, differentiation and tumor progression [40, 56, 104, 110]. However, with very few exceptions,[83] artificial ECM
materials involve the static display of signals and therefore are insufficient to mimic
the dynamics of the ECM [4, 43]. To explore the role of dynamics of the cell-material
interface, previous works have either used degradable hydrogels [69, 74, 145] or supported phospholipid bilayers[63, 120]. In the former case, the artificial material is
provisional and intended for replacement with native ECM, whereas in the latter
case substrates are generally unable to promote contractility dependent cell adhesion and spreading [3, 31, 63, 120]. Towards overcoming these drawbacks, patterning

1
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techniques have been used to partition lipid bilayers with solid barriers[128, 152] (Figure 2.1). Nevertheless, the density and geometry of these barriers significantly affect
cell responses[6, 31, 76, 190]. Therefore there is an unmet challenge in development
of artificial materials that mimic native ECM characteristics such as: the dynamic
display of ligands, cell-induced remodeling, no pre-defined spatial patterns, and the
support of cell adhesion/spreading on viscous-like substrates.

a

b

receptor
ligand

Figure 2.1: From ”Restriction of receptor movement alters cellular response: Physical
force sensing by epha2”. Reprinted with permission from AAAS.[152] (a) Supported
lipid bilayers displaying receptor specific ligands. The diffusion barriers accumulate
ligand-receptor clusters at their boundaries. (b) In the absence of solid boundaries
cells translocate the ligand-receptor clusters to the center of the cell-supported membrane junction.

In the exploration of suitable materials for the creation of dynamic systems, it
is noticed that block copolymers can assemble to mobile, yet more stable structures
15

than the corresponding of phospholipids. [18, 48, 49, 100] Moreover, block copolymers
share the amphiphilicity and mobility of lipids, while they form more stable structures
due to their larger molecular weight [18, 48, 49, 100]. In addition, the ability to control
the size and chemistry of block copolymer chains facilitates the independent tuning of
their mechanical properties,[47] mobility,[101] and nanoscale organization.[13, 71, 165]

Figure 2.2: Reprinted from ”Block copolymer nanostructures”.[165] Copyright (2008),
with permission from Elsevier. Different geometries formed by block copolymers with
different molecular weight ratio of hydrophobic to hydrophilic block in solution.

Towards achieving partial mimicry of the dynamic character of the ECM, we fabricated ultra-thin supported block copolymer films with independently tunable lateral
mobility and ligand spacing. These interfacial monolayer films of brush-like block
copolymers were successfully transferred onto solid substrates by means of LangmuirBlodgett (LB) and Langmuir-Schaefer (LS) deposition[46, 103] toward the formation
of supported bilayer films. The lateral mobility is tuned by varying the amount of
a ”lubricating” homopolymer; a strategy inspired by the role of cholesterol in cell
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membranes[1, 9]. Due to the self-assembly nature of the fabrication process, the
average ligand spacing is easily controlled by the fraction of RGD-labeled polymer.
Most importantly, the directed interfacial assembly of block copolymers resulted
in mobile films that are susceptible to cell-induced remodeling. The effects of substrate lateral mobility on murine fibroblast responses are discussed in the context of
cell spreading and adhesion strength. At constant ligand spacing, we find that fibroblasts respond non-linearly to substrate mobility, indicating that cell spreading is
not a simple function of typical static properties such as ligand density and substrate
elasticity. Immunostaining and centrifugation-adhesion assays lead us to propose
that cell spreading can be realized by FA-transmitted contractility and contractilityindependent mechanisms associated with integrin ligation and clustering. Our results
reveal that the dynamic display of ligands onto viscous-like supports, as in the native
ECM, plays an important role in cellular responses. Thus the strategic design of
biomaterials has the potential to provide critical insight on the mechano-sensing of
natural ECM.

2.2
2.2.1

Results
Interfacial studies

We studied the interfacial behavior of PB-PEO blends at two different compositions of PIB homopolymer (no PIB and 1mol%) by means of a Langmuir trough. We
specifically explored the features of the compression isotherms of the two different
interfacial polymer films and presented them in Figure 2.3a. The transition between
the different configuration regimes are identified by calculating the corresponding
compressibility factors k = (−1/A)(dA/dΠ), Figure 2.3b.
Both films displayed two distinct structural transitions that correspond to an equal
number of local minima in the compressibility diagram. For PB-PEO, the first local
minimum appears at 10 nm2 /molecule and coincides with the transition at (d/2Rf )
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Figure 2.3: Compression isotherm (a) and compressibility factor (b) plots of two
polymer films at the air/water interface: neat PB-PEO (solid line), and PB-PEO
doped with 1 mol% PIB (dashed line).

' 1, or in other words the entrance into the semi-dilute regime[44]. Here, d represents
the linear interchain distance and Rf the Flory radius of the hydrated PEO block.
At the same time, PEO chains are known to be surface active.[112, 174] Therefore,
we suggest that this first minimum is related with the insertion of the PEO blocks
into the water phase. At higher surface pressure, a local minimum is identified at 3
nm2 /molecule, highlighting the transition into the brush regime (d/2Rf ≤ 1).
The compression isotherm of the PB-PEO film doped with 1 mol% PIB was shifted
to larger values of area per molecule relative to that of the PB-PEO (Figure 2.3a). The
transition into the semi-dilute and the brush regime appears at 15 nm2 /molecule and

18

3.5 nm2 /molecule, respectively. This deviation from the compression isotherm of the
neat PB-PEO is presumably related with the swelling of the hydrophobic PB block in
the presence of the PIB homopolymer. It is reasonable to assume that PB swelling (or
even the mere presence of another species such as PIB) will decrease the available area
at which the PEO and PB blocks are accommodated at the air/water interface for
low interfacial block-copolymer density. For high interfacial block-copolymer density,
the PEO blocks are mostly submerged in the water phase. At this case, the presence
of PIB at the air/water interface decreases the available area for the PB blocks but
increases the corresponding for PEO blocks. From the geometrical relation between
p
the linear spacing d and the area per molecule A, d = 2 A/π at the air/water
interface, the critical ratio d/2Rf will be effectively reduced by either direct or indirect
result of PIB addition, resulting in a rightward shift of the compression isotherm.
Following this initial characterization, we transferred the interfacial polymer films
onto silicon substrates using Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS)
techniques (Figure 2.4). The dry thickness h of the resulting supported films are
listed in Table 2.1. Note the good agreement with the thickness values calculated
from the incompressiblity condition: Ah = 1/ρ, where A is the area per molecule
and ρ is the molar-averaged block copolymer density. This result suggests that the
addition of PIB does not significantly alter the dry thickness of the corresponding
films (Table 2.1), consistent with earlier studies on the lamellar dimensions of similar
blends[184].
Table 2.1: Thickness h (nm) measurements of dry monolayers and bilayers by ellipsometry, and comparison with calculated values.

Monolayer
Bilayer

PB-PEO
(calc.)
12.1
24.1

PB-PEO
(expt.)
11.7 ± 0.2
24.3 ± 1.4
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PB-PEO (1 mol% PIB)
(expt.)
11.4 ± 0.1
22.5 ± 0.1

a

b

c

Figure 2.4: (a) Langmuir-Blodgett deposition of interfacial monolayers on solid substrate. The introduction of PIB amount in hPBd-PEO solution takes place at this
stage of the self-assembly. F at the end of the PEO chain corresponds to the functional molecule (fluorescein or RGDS) added for film characterization or receptor
specific cell adhesion. (b-c) Langmuir-Schaefer deposition of a second layer toward
the formation of supported polymer bilayers. The supported bilayer films remain
under the water phase throughout the experiments.

2.2.2

Measurement of lateral mobility in supported polymer films

In order to measure the lateral mobility of the block copolymers, we mixed the
PB-PEO block copolymer chains with fluorescein labelled block copolymer chains PBPEO-FITC (' 10 vol%) before we apply the new polymer solution at the air-water
interface. In this manner, we were able to measure lateral mobility by fluorescence
recovery after photobleaching (FRAP) (Section 6.2, Appendix A.3). The fluorescent
interfacial films were always introduced as the topmost layer through LS deposition
onto neat or PIB-doped PB-PEO supported monolayers.
It has been previously shown that labeling a fraction of the polymer chains up
to ' 25 vol% does not alter their diffusion characteristics.[70] Herein, a minimum
concentration of ' 10 vol% of the PB-PEO-FITC was necessary to gain the required
20

contrast for the FRAP experiment, which was always initiated within 1 hour after
bilayer formation.
The acquired fluorescence intensity was doubly normalized according Phair et al.
[130]. Specifically, we corrected for acquisition bleaching by division of the fluorescence intensity at the region of interest ROI(t) with the corresponding intensity of the
whole field of view T ot(t). The prefactor T ot(0)/ROI(0) accounts for heterogeneities
of fluorescence intensity at the starting point of the experiment,

ROI(t)corr =

ROI(t) T ot(0)
·
T ot(t) ROI(0)

(2.1)

The corrected fluorescence intensity ROI(t)corr was normalized to span between 0
and 1, the ideal limits for no and full recovery respectively,

N (t) =

ROI(t)corr − ROI(0)corr
.
ROI(∞)corr − ROI(0)corr

(2.2)

This normalized intensity N (t) was fitted to the fractional recovery curve (MATLAB,
R2011a) defined in Soumpasis et al. [169]

N (t) = exp(−2τD /t)[Io (2τD /t) + I1 (2τD /t)],

(2.3)

to extract the characteristic time τ of polymer diffusion at the topmost layer of
the films. Using this value of the characteristic time we calculated the diffusion
coefficient through D = A/τ , where A is the area of the bleaching spot. The diffusion
coefficients obtained are the mean values from independent circular bleaching spots
of the corresponding films, (Figure 2.5).
The diffusion coefficients of the films D (cm2 /sec) increased logarithmically with
the concentration of PIB homopolymer (Figure 2.6). Thus by the addition of homopolymer during film fabrication, the film lateral mobility can be readily tuned.
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a

b

c

d

Figure 2.5: Recovery curve plots of normalized corrected intensity N(t) for (a) neat
(no PIB), (b) 10−7 vol%, (c) 1e − 04vol% and (d) 0.1vol%P IB.

The changes in D are statistically significant (p < 0.05), with the exception of the
films with PIB volume fraction φ corresponding to 10−5 and 10−8 .
Several factors are likely to dictate the thermally-driven lateral diffusion of block
copolymer chains in these films: i) chain entanglements, ii) interfacial constraints,
and iii) interlayer friction [14]. The hydrophobic domains of the PB-PEO develop a
modest number of entanglements (1 < M/Me ≤ 10) to suggest reptation effects might
be operative, but not adequate to explain the very slow diffusion captured in FRAP
experiments. With regard to interfacial constraints, the bottom block copolymer
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Figure 2.6: Lateral diffusion coefficient D versus volume fraction of PIB homopolymer
added to supported block copolymer films. The values of lateral mobility are found
within a range defined by the mobility of block copolymers in polymersomes[101] and
proteins in lipid bilayers.[128] The error bars correspond to the standard error of the
mean. Pair-wise comparisons are based on Student’s t-test.

layer in all of our supported films contacts the solid substrate via well-adsorbed PEO
segments[178] that can contribute an additional energetic barrier to lateral diffusion.
Another interfacial constraint is found at the junction between the hydrophobic and
hydrophilic blocks. Lodge et al.[111] described the lateral diffusion of strongly segregated block copolymers through a “block retraction” mechanism. This mechanism
is dictated by the retraction of the blocks into the region defined by the interfacial
width  between the hydrophobic and hydrophilic phases (Figure 2.7a).
Because either block of the copolymer can fully explore this interfacial region, the
rate-limiting step for lateral motion of an entire chain will be due to whichever block
has the larger M/Me . However, due to the strong segregation (i.e., large interaction
parameter χ) between the hydrophobic and hydrophilic blocks, the interfacial width
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√
is expected to be quite narrow ( ∼ 1/ χ)[12]. Furthermore, PIB is unlikely to alter
the interfacial width  between hydrophobic and hydrophilic blocks, and therefore
will not influence the block retraction modes of diffusion. Thus, the phenomenon of
block retraction is expected to have small effects on lateral mobility.
The interdigitation,[14] and friction, between the top and bottom layers (Figure 2.7a) creates an additional burden to the long-range lateral motion of the block
copolymer chains. Joanny [86] considered the problem of the friction between two
contacting brushes, and deduced that the fraction of the interdigitated chains η and
the width of the bridging zone δ (Figure 2.7a) are related to the self-adsorption
strength of the chain segments. The self-adsorption strength depends on the number and the size of statistical segments as well as the surface density at which the
chains are deposited onto the supporting substrate. Using appropriate values for our
block copolymers, we obtain an interdigitation fraction η ≈ 0.5 and a bridging zone
width equal to 10% of the hydrophobic block length. In other words, a significant
fraction of the block copolymer chains at the topmost layer (i.e., at the free surface)
have to overcome an additional physical barrier before they move to a new lateral
position. Considering that PIB is highly miscible with PB[117], and noting the brush
character of the PB blocks which tends to expel mixed shorter chains[44], the PIB is
probably distributed with higher density toward the center of the hydrophobic region
(Figure 2.7b). As result, the width of the bridging zone δ and the interlayer friction
are reduced, consistent with the increased lateral diffusivity of the doped film.

2.2.3

Cell spreading response to substrate mobility

Our supported films allow for independent control over ligand spacing and lateral
mobility, providing unique substrates to interrogate RGD-mediated[22, 72, 75] cell
adhesion and spreading. We fabricated films with different substrate mobilities at an
average inter-ligand spacing of d = 50 and 150nm (Figure 2.7a and b, respectively).
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a

b

Figure 2.7: Schematic of the supported (a) neat PB-PEO film and (b) doped PBPEO film (with PIB homopolymer). The inset on the left qualitatively illustrates
the PB segment density in the normal direction away from the midplane (dashed
line). The interfacial width  defines the transition region between the hydrophilic
and hydrophobic domains and the bridging zone δ defines the region where chains
overlap across the two layers. For clarity,  and δ are not drawn to scale.

These two different spacings were chosen based on previous work that established
the critical ligand spacing dc capable of supporting fibroblast spreading: dc = 58 −
140 nm.[5, 118] However, in Figure 2.7b, cell spreading is similar or lower to the
corresponding films of no RGD. In contrast, RGD spacing of 50nm is below the
previously determined critical value.[5, 118] Hence, cell spreading in Figure 2.7a can
be attributed solely to the presentation of adhesive ligands. For this reason, the
following cell adhesion studies examined the effects of substrate mobility on films
with an average inter-RGD spacing of d = 50 nm.
The projected cell area A of fibroblasts undergoes a sharp initial decrease but
thereafter increases with mobility D (Figure 2.8a). This biphasic cell spreading response suggests that more than one mechanism is responsible for the observed behavior, dominating at different extremes of substrate mobility. In the absence of any
ligand (i.e., infinite spacing), there is no significant change in spreading behavior with
D (dashed line in Figure 2.8), explained by a lack of cell interactions with our bare
polymer films [103].
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a

b

Figure 2.8: (a) Projected cell area A of NIH 3T3 fibroblasts versus substrate mobility
D with RGD spacing d = 50 nm. The dashed line corresponds to films without RGD
(d = ∞). Cells display higher cell projection area on low and high mobility films. On
intermediate mobility films (D ≈ 1.8 and 2.5 × 10−10 cm2 /sec), cell projection area
is similar to films with no RGD. (b) Projected cell area A of NIH 3T3 fibroblasts
versus substrate mobility D with RGD spacing d = 150 nm. In all the different cases
of substrate mobility, RGD spacing d = 150nm promotes cell projection area that is
similar to non specific cell spreading (dashed line). In both (a) and (b), the error
bars correspond to the standard error of the mean. In the left graph (a) pair-wise
comparisons are based on Student’s t-test. In the right graph (b), the Student’s t-test
did not show statistically significant differences. Analysis by ANOVA (Kaleidagraph
4.1.2) on (b) detected significant differences (p < 0.001). Student-Newman-Keuls
multiple comparison tests were performed for pair-wise comparisons.

2.2.4

Focal adhesion responses to substrate mobility

Because they are correlated with cell spreading and features such as adhesion
strength [16, 55, 61], we monitored the organization of intracellular proteins, specifically F-actin and vinculin (Figure 2.9). Analysis of the focal adhesion (FA) size
distribution obtained by vinculin immunostaining reveals that the FA density also
shows a biphasic response to substrate mobility (Figure 2.10a), strongly suggesting
the importance of FAs to the cell spreading response.
The FA size strictly decreases with substrate mobility (Figure 2.10b), which agrees
with previous works showing that FA size is proportional to the magnitude of cell-
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Figure 2.9: Immunostaining images of NIH 3T3 fibroblasts seeded for 24 h under
complete serum conditions on films with different substrate mobility. Red and green
(left and right) images correspond to the immunostaining of actin and vinculin proteins, respectively. (a-b) Low film mobility, D ≈ 10−10 cm2 /sec. (c-d) Intermediate
film mobility, D ≈ 1.75 × 10−10 cm2 /sec. (e-f) High film mobility, D ≈ 3.5 × 10−10
cm2 /sec. Scale bar: 20 µm.

generated lateral forces applied to the substrate [10]. In other words, these data
support the notion that cells transmit progressively less force on films with higher
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b

Figure 2.10: Focal adhesion density (a) demonstrates a biphasic response against
substrate mobility D, similar to cell projection area (Figure 2.8). Focal adhesion (b)
size lowers with substrate mobility. The error bars correspond to the standard error of
the mean. Analysis by ANOVA (Kaleidagraph 4.1.2) detected significant differences
on (a) and (b). Student-Newman-Keuls multiple comparison tests were performed
for pair-wise comparisons.

substrate mobility. From this view alone, contractility-dependent cell spreading [65]
should decrease with substrate mobility, suggesting the possibility of other mechanisms contributing to the biphasic response in Figure 2.8.

2.2.5

Contractility-independent mechanisms of cell adhesion

We therefore examined if there are other contributions to cell adhesion and spreading on our films besides those directly mediated by cell contractility. To this end we
suppressed cellular force generation by treatment with the ROCK inhibitor Y −27632
[53, 91]. Dumbauld et al. [53] demonstrated that Y − 27632 treatment of NIH 3T3
fibroblasts results in the dissolution of FAs. Importantly, this dissolution of FAs by
Y − 27632 does not affect integrin ligation.
We determined cell adhesion strength following Y − 27632 treatment using a detachment assay [115]. In this assay the adhesion strength is proportional to the per28

Figure 2.11: Normalized change in adhesion strength δ(W )/W versus substrate mobility D following administration of the contractility inhibitor Y − 27632. δ(W )/W < 0
: cell adhesion strength is dominated by contractile responses. δ(W )/W > 0 : cell
adhesion strength is dominated by non-contractile responses that are associated with
receptor-ligand binding and clustering. The error bars for the normalized adhesion
strength data correspond to the propagation error [163]. Analysis by ANOVA (Kaleidagraph 4.1.2) detected significant differences on (a) and (b). Student-Newman-Keuls
multiple comparison tests were performed for pair-wise comparisons.

centage of cells that remain attached. We normalize the adhesion strength relative to
untreated cells δ(W )/W = Ntreated − Nuntreated /Nuntreated in order to isolate the effect
of Y − 27632. Figure 2.11 shows that δ(W )/W < 0 for low mobiliity films, indicating
a loss of adherent cells relative to the untreated control and a strong role for FAs in
adhesion strength on these substrates. On the contrary, at higher substrate mobility
δ(W )/W > 0, meaning that the number of cells attached remains the same or even
increases. These results indicate that Y − 27632 does not affect adhesion strength
on high mobility substrates. We therefore suggest that on high mobility substrates,
clusters of ligated integrins collectively strengthen cell adhesion to the same extent
as untreated controls, even though they do not efficiently promote FA growth.
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b

Figure 2.12: (a) Normalized change in cell area δ(A)/A and (b) difference in normalized change in cell area 1 − δ(A)/A versus substrate mobility D, after administration
of the contractility inhibitor Y −27632. δ(A)/A reflects the contribution of contractile
responses to cell area, that drops for increased film mobility. 1 − δ(A)/A reflects the
contribution of non-contractile responses to cell projection area, that increases with
ascending film mobility. The error bars for the normalized area data correspond to
the propagation error.[163] Analysis by ANOVA (Kaleidagraph 4.1.2) detected significant differences on (a) and (b). Student-Newman-Keuls multiple comparison tests
were performed for pair-wise comparisons.

Having established roles for ligated integrins both inside and outside FAs in cell
adhesion, we proceeded to examine their relative contributions to cell spreading. Because of the effect of Y − 27632 on FAs, we can decouple the contributions from
ligated integrins both inside and outside FAs as follows: δ(A)/A ≈ AF A /Ai and
1 − δ(A)/A ≈ Aoutside /Ai , where the change in cell area δ(A)/A is normalized to the
initial cell area Ai . The quantity δ(A)/A ≈ AF A /Ai accounts for contributions of
ligated integrins inside FAs to cell adhesion. This quantity decreases with substrate
mobility (Figure 2.12a), indicating that Y − 27632 has a reduced influence on cell
spreading for high mobility substrates. This response can also be partly understood
by our earlier result that FA size decreases with substrate mobility (see Figure 2.10b).
The quantity 1 − δ(A)/A ≈ Aoutside /Ai accounts for contributions of ligated integrins
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outside FAs to cell adhesion. It is seen that the importance of ligated integrins outside
FAs is enhanced as substrate mobility is increased (Figure 2.12b).
The biphasic response of cell area with substrate mobility in Figure 2.8 is therefore
due to a combination of separate effects. The first effect is at low mobility and is
due to ligated integrins inside FAs and cell contractility. This effect causes cell area
decrease with mobility. The second effect is at high mobility and is due to ligated
integrins outside FAs and their mobility-enabled clustering. This effect causes cell area
to increase with mobility. The two effects together give rise to a biphasic response.

2.3
2.3.1

Discussion
Substrate mobility as a step towards mimicry of the ECM

We created films with tunable lateral mobility so as to examine the nature of
cell responses on “mobile” substrates. This is in contrast to a great deal of previous
work with “static” substrates that are largely based on highly crosslinked networks
[56, 57, 168, 189]. Although our polymer films are two-dimensional in nature, they
capture a key feature of cell adhesion to the ECM: the ability to induce changes in
the substrate over time.
The present films are composed of a brush-like block copolymer bilayer [103] with
trace amounts of hydrophobic homopolymer. The concentration of the latter directly
modulates the lateral mobility D (Figure 2.6). Because we have previously shown that
these films are non-fouling [103], the cell-film interactions reported here are specifically
due to integrin-RGD binding. The mobility of our films can be tuned within a range
that lies between polymersomes (D ≈ 10−10 cm2 /s [101]), protein-tethered lipids in
supported lipid bilayers (D ≈ 10−9 cm2 /s [128]), and transmembrane proteins such
as integrins (D ≈ 10−9 cm2 /s [148]).
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2.3.2

Distinct modes of cell spreading due to substrate mobility

It is not our aim here to determine the precise critical spacing required for cell
spreading on “mobile” substrates. Rather, we utilize ligand spacings that are sufficient to establish adhesion and spreading so that we can focus attention on the role of
film mobility. Specifically, our RGD spacing of d = 50 nm is below previously reported
critical spacings dc of 140 nm and 58 nm [5, 118] that displayed RGD-containing sequences. The variation in dc is due to differences in ligand chemistry, substrates, and
other factors. Our observation that actin stress fiber formation is irrespective of film
mobility (Figure 2.9), is supportive of a ligand density sufficient to engage integrin
receptors with mechano-transduction activity.[73] As expected, the limit of infinite
spacing (i.e., no RGD ligand) leads to the absence of cell spreading (dashed line in
Figure 2.8). Importantly, Figure 2.8 shows that ligand density does not guarantee a
cell spreading response; the mobility of the ligands plays a critical role that has been
previously unexplored.
The observation of biphasic cell spreading with substrate mobility (Figure 2.8) and
subsequent experiments leads us to propose that there are two distinct contributions
by which cells can adhere and spread (Figure 2.13). At low substrate mobility, cellular
contractile forces are efficiently sustained and induce the formation of mature FAs
(Figure 2.10 and Figure 2.13c). These FAs provide the anchorage points at the cell’s
leading edge to sustain actomyosin-driven cell adhesion and spreading [65]. At high
substrate mobility, ligated integrins are able to more efficiently find each other and
form clusters (Figure 2.13b) [166, 190]. A fraction of clusters forms mature FAs
(Figure 2.10a), although the size of these FAs is limited by the force they can sustain
(Figure 2.10b). The other fraction of clusters can collectively support cell adhesion
(Figure 2.11) even though they are lacking in significant cytoplasmic reinforcement.
By monitoring changes in cell area following treatment of cells with Y − 27632, we are
able to discriminate between the roles of ligated integrins inside and outside FAs. The
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contribution of ligated integrins inside FAs on cell spreading progressively diminishes
with substrate mobility (Figure 2.12a), indicating that ligated integrins outside FAs
compensate. The overall result is cell spreading at both extremes of substrate mobility
(Figure 2.8 and Figure 2.13c).

a

b

c

Figure 2.13: Reprinted from Cell adhesion mechanisms on laterally mobile polymer
films[93]. Copyright (2007), with permission from Elsevier. Schematic of different
spreading mechanisms on low and high mobility substrates. (a) Initial state with few
bound integrins (light green ligands) and predominantly unbound integrins (white
ligands). (b) Intermediate state with clustering of ligated integrins (green ligands)
favored on high mobility substrates. (c) Final state with mature FAs (dark green
ligands) favored on low mobility substrates and a contribution by ligated integrin
clusters on high mobility substrates. For clarity, the schematic is not drawn to scale.

2.4

Conclusions

We have studied cell adhesion and spreading on supported polymer films created
by an interfacial self-assembly process. These substrates are laterally mobile and dis33

play cell adhesive peptides, towards partially mimicry of the native ECM character.
Using NIH 3T3 fibroblasts, we find that substrate mobility causes a previously unreported biphasic spreading response. Subsequent experiments decoupled the mobilitydependent contributions of FAs and integrin clustering to cell adhesion strength and
spreading. These separate contributions to cell spreading are most prominent at the
extremes of substrate mobility. Our results show that cells sense substrate mobility,
and in response, they use more than one mechanism to promote spreading. Such
dynamic cell behavior reflects the inherent ability of cells to sense and adapt to cues
from the ECM, and furthermore is in sharp contrast to previous works with cells
on immobile substrates (e.g., cross-linked hydrogels). As we mentioned above, cell
spreading is mediated from the integrin-RGD interactions. Integrins are involved to
FA formation and they are crucial for the non-contractile responses. In the next
chapter, we explore how different integrins that both bind RGD control cell adhesion in response to substrate mobility, and make a connection between molecular and
macroscopic characteristics of cell adhesion on mobile substrates.
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CHAPTER 3
INTEGRINS DIRECT CELL ADHESION IN A
SUBSTRATE-DEPENDENT MANNER

3.1

Introduction

Cell spreading and polarization are directly correlated with how cells sense their
surrounding environment.[97] Understanding these aspects of cell adhesion can give
insight to biological functions (i.e., migration,[99] wound healing[134]) that are strongly
affected by interactions between cells and their environment. Moreover, it has been
noted that cell spreading is not always representative of the magnitude of physical
interactions at the cell-substrate interface (Figure 3.1).[141] In order to understand
this complexity, works have investigated the role of cell shape, highlighting its potential to modulate receptor-mediated intracellular signals[26, 31, 81] with consequent
effects on focal adhesion and cytoskeletal organization. Therefore, it is critical to
understand the roles of integrin receptors in the responses to extracellular cues.
Integrins are a class of transmembrane proteins involved in the bidirectional signaling between intracellular and extracellular environments.[80] Among the members
of the integrin family, α5 β1 and αv β3 bind to extracellular adhesive proteins that
contain the RGD peptide sequence.[80, 131] The α5 β1 and αv β3 integrins are known
to demonstrate different or redundant functionalities in cell adhesion (Figure 3.2).
For example, α5 β1 and αv β3 both probe the mechanical properties of the extracellular matrix (ECM)[59, 84], while α5 β1 exhibits higher mobility [148] and initiates
stronger adhesive contacts than αv β3 on fibronectin substrates.[146]
Cell adhesion and its consequences on cell behavior have been primarily studied on
artificial substrates decorated with extracellular adhesive proteins (i.e., fibronectin),
35

Figure 3.1: Reprinted from ” The regulation of traction force in relation to cell
shape and focal adhesions.”[141] Copyright (2011), with permission from Elsevier.
Cell images A-D demonstrate the dependence of traction stress on cell shape and
spreading area. Phase contrast and corresponding traction stress maps of cells with
similar area and different shape.

Figure 3.2: Reproduced with permission of the Journal of Cell Science.[192] This hypothetical model demonstrates the contribution of α5 β1 and αv β3 on the cytoplasmic
reinforcement and extracellular remodeling. (a) α5 β1 (bound primarily to fibronectin)
and αv β3 (bound primarily to vitronectin) integrins are both found at initial adhesions
and associated through different proteins with actin filaments for the transmission of
contractile forces. (b) avb3 integrin remains immobile despite the applied contraction
force. In contrast, a5b1 integrin translocates centripetally through the actomyosin
driven pulling, stretching the fibronectin matrix and promoting fibrillogenesis.
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although materials which solely present adhesive ligands such as RGD have also been
used [115, 190]. Focusing on integrins, αv β3 exhibit similar affinity for their extracellular ligand of vitronectin and the RGD sequence.[135] Moreover, despite the
significantly higher affinity of α5 β1 for fibronectin,[66, 116] its affinity for RGD is very
similar with the corresponding of αv β3 .[89, 140, 181] Therefore, our current in vitro
system allows both αv β3 and α5 β1 to interact with RGD ligands and determine cell
adhesion dynamics in response to film mobility. Previous effort to understand integrin
functionality on artificial materials was obstracted by cells sensing both adhesive and
mechanical properties of their extracellular environment.[40] It is therefore important
to investigate integrin functionality with artificial systems where such effects can be
decoupled.
In Chapter 2, we demonstrated that cells sense substrate mechanical properties
by using distinct mechanisms to spread. Here we explore the role of α5 β1 and αv β3
on cell spreading and polarization on laterally mobile polymer films (fabricated with
sufficient RGD density to engage integrins). The films were fabricated by interfacial
self-assembly of amphiphilic block copolymers and their lateral mobilities D were
tuned by addition of a small hydrophobic polymer[93]. This strategy is intended to
mimic the viscous characteristics of the natural ECM[24] introduced by the presence
of macromolecules such as hyaluronic acid[32, 175]. We find that NIH 3T3 fibroblasts
seeded onto mobile films demonstrate anisotropic cell spreading, while α5 β1 and αv β3
control cell spreading and polarization in response to film mobility.

3.2

Results and Discussion

We find that cells preferentially use distinct integrins depending on the mobility
of the underlying substrate. On low mobility films (D ≈ 1 × 10−10 cm2 /s), blocking
αv β3 results in significantly lower cell area A as compared to the control (Figure 3.3a).
Conversely, on high mobility films (D ≈ 4 × 10−10 cm2 /s), blocking α5 β1 results in
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significantly lower cell area as compared to the control (Figure 3.3b). The preference
for certain integrins is clear because blocking α5 β1 on low mobility films, or blocking
αv β3 on high mobility films, does not substantially inhibit cell spreading.
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Figure 3.3: Cell area A on (a) low and (b) high mobility films with various blocking
treatments, after 24 hours. The error bars correspond to the standard error of the
mean. Pair-wise comparisons are based on Student’s t-test.

In previous work we showed that on low mobility films, spreading is particularly
favored by a contractile response mediated by FAs (Chapter 2), and here we find that
αv β3 is primarily responsible for spreading. In addition, cell adhesion on low mobility
films results in the formation of FAs with relatively large size (Figure 3.4, black). This
finding is consistent with the previously observed accumulation of αv β3 in FAs[186,
192] and their contributions to the formation of large FAs.[153] On high mobility
films, spreading is particularly favored by a non-contractile response associated with
integrin ligation and clustering (Chapter 2), and here we find that α5 β1 is primarily
responsible for spreading. In addition, cell adhesion on high mobility films results
in the formation of FAs with smaller size (Figure 3.4, gray). This finding is also
consistent with the previously observed participation of α5 β1 in the formation of small
FAs.[153] Furthermore, since α5 β1 is known to be more mobile than αv β3 ,[148, 192] our
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Figure 3.4: Distribution of FA size at 24 hours for fibroblasts on low (black) and high
(gray) mobility films, respectively. The statistical significance is shown by the inset
box-and-whisker plot (p < 0.001). The sample size of FAs in both films is n > 60.
Due to the limitation of optical resolution we apply a lower size cut-off of 0.5 um2 .

data suggest that cells transduce substrate mobility into cell spreading by selectively
using αv β3 or α5 β1 integrin receptors.
Cells display the same preferential use of integrins to polarize their shape on films
of varying mobility. To quantify cell polarization, we use the dimensionless ratio of
circularity C = P 2 /4πA where A and P are the cell area and perimeter, respectively.
Note that C = 1 corresponds to a circle (i.e., a rounded cell) and C = 0 corresponds
to a line (i.e., a highly elongated cell). On low mobility films, blocking αv β3 causes
a large increase in circularity as compared to controls (Figure 3.5a), whereas on high
mobility films, blocking α5 β1 causes the largest increase in circularity (Figure 3.5b).
Previous works reported cell polarization to be proportional to the overall force
generated at the cell-substrate interface.[81, 141] As mentioned already, cell adhesion
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on low and high mobility films favors the α5 β1 - and αv β3 -mediated formation of
small and large FAs, respectively. Because FAs are transmitters of force onto the
extracellular substrate [156], cellular force transmission onto the films is supported
primarily by either α5 β1 or αv β3 . Thus our data suggest that cells transduce substrate
mobility into force transmission through integrin-specific control of contractile forces.
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Figure 3.5: Cell circularity C on (a) low and (b) high mobility films with various
blocking treatments, after 24 hours. The error bars correspond to the standard error
of the mean. Pair-wise comparisons are based on Student’s t-test.

The preferential usage of integrins in cell spreading and polarization is distinct
from the dynamics of these processes. Data over 24 hours were normalized (see SI)
and fit by sigmoidal expressions (Equation (3.1) and Equation (3.2)) [11, 62, 160] to
extract global spreading and polarization rates (kA and kC , respectively). Based on
this analysis, spreading and polarization dynamics are dominated by an intermediate
regime defined by τ < t < τ 0 (obtained by first-order expansion about the respective
t∗ in 3.1 and 3.2). Indeed, the intermediate regime of spreading area is nearly linear
against time, consistent with the scaling analysis of Cuvelier et al. [41].

N (A) =

1
1 + exp(−kA (t − t∗A ))
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(3.1)

N (C) = 1 −

1
1 + exp(−kC (t − t∗C ))

(3.2)

To obtain the lag times τA (or τC ), we find the cross-section between the first-order
expansions of N(A) (or N(C)) around t=0 and t∗A (or t∗C ) of the sigmoidal expression
3.1 (or 3.2):

τA =

τC =

N (A)t∗A − N (A)0 − t∗A dNdt(A) t∗

A

dN (A)
dt 0

−

dN (A)
dt t∗A

N (C)t∗C − N (C)0 − t∗C dNdt(C) t∗

C

dN (C)
dt 0

−

dN (C)
dt t∗C

(3.3)

(3.4)

In a similar manner, to obtain the right end of this linear-like regime τA0 (or τC0 ),
we find the cross-section between the first-order expansions around t∗A (or t∗C ):

τA0

τC0

=

=

N (A)t∗A − t∗A dNdt(A) t∗ − N (A)24 − 24 dNdt(A) 24
A

dN (A)
dt 24

−

dN (A)
dt t∗A

N (C)t∗C − t∗C dNdt(C) t∗ − N (c)24 + 24 dNdt(C) 24
C

dN (C)
dt 24

−

dN (C)
dt t∗C

(3.5)

(3.6)

This analysis reveals that the control condition (i.e., no blocking) yields the largest
spreading rate kA (Figure 3.6), with the difference more prominent on low mobility
films (Table 3.1). In the absence of blocking antibodies cells can use both αv β3 and
α5 β1 receptors to bind adhesive ligands. In contrast, when either α5 β1 or αv β3 are
blocked, cells need additional time to circulate the lower number of available integrins,
slowing cell spreading dynamics.
At the beginning of cell-substrate contact, integrins bind and cluster adhesive
ligands during a period of minimal spreading that constitutes a lag time τA [50, 65].
Indeed, on both low and high mobility films, controls induce shorter lag times (i.e.,
lower τA values) compared to either blocking treatment (Table 3.2).
Cell polarization shows dynamic behavior that is different from cell spreading.
The lag time for polarization τC is always smaller than the corresponding lag time
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Figure 3.6: Normalized cell area N (A) (a-b) and circularity N (C) (c-d) on low and
high mobility films, respectively. The sigmoidal fits (Eqn. Equation (3.1) and Eqn.
Equation (3.2)) are represented by solid lines. Square and diamond symbols correspond to αv β3 and α5 β1 blocking, respectively. Circles correspond to the control (i.e.,
no blocking).

for spreading τA , irrespective of substrate mobility and integrin blocking (Table 3.2).
Moreover, the control condition (i.e., no blocking) yields the smallest polarization rate
(Table 3.1), with the difference more prominent on low mobility films. Interestingly,
when both αv β3 and α5 β1 are available for binding to the adhesive ligand, the polarization rate kC and the lag time τC are similar for low and high substrate mobilities,
suggesting that polarization dynamics are weakly affected by substrate mobility.
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Table 3.1: Spreading kA and polarization kC rates (1/h). n/a denotes not applicable.
Spreading rate kA
control -α5 β1 -αv β3
Low mobility
0.35
0.20
n/a
High mobility
0.41
n/a
0.35
Polarization rate kC
control -α5 β1 -αv β3
Low mobility
0.25
1.36
n/a
High mobility
0.25
n/a
0.96
Table 3.2: Lag times (h) corresponding to the initiation of cell spreading τA or polarization τC . n/a denotes not applicable.
Spreading lag time τA
control -α5 β1 -αv β3
Low mobility
5.3
6.3
n/a
High mobility
7.7
n/a
8.9
Polarization lag time τC
control -α5 β1 -αv β3
Low mobility
4.2
2.5
n/a
High mobility
4.7
n/a
3.7
It is known that cell polarity is associated with the effects of extracellular (e.g., film
mobility, ligand density) and intracellular cues (e.g., kinases).[52] Therefore, our data
indicate that the polarization dynamics are most probably controlled by the intracellular cues associated with the the use of specific integrins to mediate cell adhesion.
With respect to larger polarization rates upon blocking α5 β1 or αv β3 integrins, literature evidence suggests integrin-specific pathways can be activated to achieve such
larger polarization rates.[38, 153, 153, 187, 191] Similarly, the synergy of α5 β1 and
αv β3 increases RhoA/ROCK activity[153] which in turn initiates signals to inhibit
cell polarization.[38] To assess the role of ROCK on cell polarization, we measured
cells circularity after administration with Y − 27632 (at 24h) that is known to block
ROCK activity.[53, 91, 187] Our results on low and high mobility films (Figure 3.7a
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and b, respectively) suggest that inhibiting ROCK activity decreases cell circularity toward more polarized cells. Therefore, the interplay between α5 β1 and αv β3 on
RhoA/ROCK expression can potentially explain the smaller polarization rate for the
controls (Table 3.1).
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Figure 3.7: Cell circularity C on (a) low and (b) high mobility films after treatment
with the pharmacological inhibitor (Y − 27632) of ROCK activity at 24 hours of
adhesion.

3.3

Conclusions

In conclusion, we created laterally mobile polymer films to mimic both the fluid
character of natural ECM and the ability to display adhesive ligands. Investigating
the role of integrin receptors on cell spreading and polarization reveals the relationship
between cell mechano-biology and the mobility of the extracellular substrate. Specifically, α5 β1 and αv β3 induce substrate mobility-dependent effects on cell spreading
area and polarization. Cell spreading dynamics are mainly affected by the mobility of
integrins relative to the extracellular substrate. In contrast, cell polarization dynamics are determined by integrin-mediated intracellular signaling, highlighting specific
molecular pathways to investigate in future studies. This work emphasizes the need
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for more sophisticated cell adhesion studies in order to more clearly reveal the physics
of integrin-mediated cell adhesion.
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CHAPTER 4
SPATIAL CONTROL OF FIBRONECTIN
PRESENTATION ON MOBILE POLYMER FILMS

4.1

Introduction

The design of artificial substrates with physical and biochemical characteristics
that partially mimic the extracellular matrix (ECM) is a commonly employed strategy to investigate cell-ECM interactions. Factors that demonstrate significant influence on cell adhesion include substrate mechanical properties,[56, 161, 172] substrate
lateral mobility (Chapter 2), the type of adhesive ligand, [72, 139] and the spatial presentation of the ligand.[37, 115, 170] Towards reaching the complexity of the ECM,
control over multiple design characteristics is required. One route towards achieving this goal is to merge different fabrication techniques. At the nano-scale, patterning techniques such as nanoimprint lithography, e-beam lithography and other
approaches based on self-assembly are widely used.[85, 147]. At the micron-scale,
patterning methods tend to be top-down approaches: photolithography,[90, 102] colloidal templating, [95, 127, 154] and micro-contact printing. [33, 105, 129] Thus the
combination of both nano- and micro- scale features has promise to build increasingly
complex materials that more closely mimic the native ECM. The selection of a celladhesive protein or ligand is another significant part of biomimetic materials design.
Fibronectin (FN) has been widely used to decorate solid substrates for the investigation of anchorage-dependent cell behavior, mainly due to the different domains of
FN that participate in the binding of growth factors or cell adhesion receptors.[79]
Perhaps the best known domain of FN is the RGD sequence that is recognized by
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several transmembrane integrin receptors.[27, 79, 151]. An additional complication
in the design of artificial substrates is the recognition that the ECM (and even FNcoated substrates) is subject to cell-induced remodeling. Cells apply force to their
environment, unfolding proteins such as FN to expose so-called cryptic sites,[4] and
causing focal adhesion re-organization.[19, 180] Furthermore, the properties of the
underlying substrate can indirectly influence cell responses, by modulating the effect
of protein surface density.[56] This interplay of mechanics and biochemistry becomes
increasingly complex when the in vivo context is recalled: adhesive proteins are adsorbed or secreted on tissues having mobile cell membrane components (e.g., lipid
membrane). Following fabrication, we seeded NIH 3T3 fibroblasts onto films bearing
identical FN patterns but with distinct lateral mobilities. Cell spreading occurs on
both substrates but differences are observed in the number of contact points and size
of cell-FN contact area. Specifically, cells on low mobility films develop increasing
contact points over time while reducing cell-FN contact area, presumably to increase
their overall spreading area. In contrast, cells on high mobility films predominantly
display a single contact point over time without any significant change in cell-FN contact area. The independent control of substrate mobility and FN pattern geometry
in biomaterials design is therefore a powerful approach for the creation of artificial
substrates to investigate previously unexplored aspects of cell mechanobiology.

4.2

Results and Discussion

In earlier work (Chapter 2), we described the fabrication of supported thin films
from amphiphilic block copolymers using Langmuir-Blodgett (LB) and LangmuirSchaefer (LS) techniques. As depicted in Figure 4.1a and b the bottom layer was
formed by an LB step: pulling a glass cover-slip through PB-PEO block copolymer
film at the air/water interface. The top layer was self-assembled onto the bottom layer
by an LS step: horizontally transferring a monolayer through a second PB-PEO film at
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the air/water interface. In order to pattern the polymer film with proteins, a reactive
NHS-ester group was incorporated at the end of the PEO block. Five mole percent of
ester-modified polymer was introduced at the top layer of the film to chemically react
with amines of fibronectin during the microcontact printing procedure. To increase
the lateral mobility of the polymer film, we introduced a small amount (1 mol %)
of polyisobutylene homopolymer during the LS fabrication step; [93] such films are
hereafter referred to as doped. Films without any added polyisobutylene have lower
mobility and are referred to as neat.
To create well-defined protein patterns on our supported polymer films, we adapted
the approach of Polio et al. [132] The microcontact printing procedure is schematically presented in Figure 4.1c and d. In this study the PDMS stamp has a post
diameter of 18 microns and the edge-to-edge distance between the posts is 9 microns.
The surface of the stamp was subjected to oxygen plasma treatment to control the
wetting and adsorption of the FN solution.[177] Excessive oxygen plasma treatment
made the stamp surface brittle, which impeded the microcontact printing process.
On the other hand, insufficient oxygen plasma treatment left the stamp surface hydrophobic and consequently hindered wetting by the protein solution. By monitoring
the spreading of the FN solution, we found that an oxygen plasma exposure time of
10 seconds resulted in adequate surface hydrophilicity.
The stamp surface was incubated with the FN solution for 5 min, followed by
removal of the solution by gentle inversion of the PDMS stamp and wicking. Excess
solution on top of the film or stamp leads to unsuccessful pattern transfer, and therefore the supported films were briefly air-dried prior to stamping. The PDMS stamp
was then slowly brought into contact with the surface of the supported polymer film
(Figure 4.1), allowing terminal NHS-esters to react with FN amines. The microcontact printing was controlled by the weight of the PDMS stamp (having dimensions
of 1.0 × 0.5 × 0.5cm3 ). That is, the stamp was gently released from the tweezers in
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Figure 4.1: (a) Self-assembly of supported monolayer of poly(butylene)-bpoly(ethylene oxide) (PB-PEO) block copolymer by the Langmuir-Blodgett technique (PB: red, PEO: blue). (b) Self-assembly of the supported bilayer film through
Langmuir-Schaefer deposition of PB-PEO that contains unmodified and NHS-ester
modified block copolymer chains (NHS-ester: black stars). (c) PDMS stamp and
subsequent coating by drop-casting of fluorescent fibronectin (FN), indicated by the
green color. (d) Microcontact printing of fluorescent FN onto the supported polymer
film.

the correct orientation on top of the supported film without any external pressure.
We note that our initial pattern transfer attempts were unsuccessful, as during the
stamp removal the supported film was also removed from the glass coverslip, commonly referred to as tear-out. Direct observation of the stamped films revealed dark
patches as a result of tear-out Figure 4.2.
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Figure 4.2: Fluorescence images of films following micro-contact printing of FN. (a)
Example of unsuccessful pattern transfer. Bright green areas indicate the presence of
fluorescent FN and the dark areas indicate removal of the film due to tear out. (b)
Example of successful pattern transfer on (b) neat and (c) doped films. Bright green
areas indicate FN patterns. Scale bar is 25 microns.

To optimize the microcontact printing procedure the various interfaces during the
stamping procedure were considered. Four different interfaces are candidate locations
for material failure or tear-out. These interfaces are: i) glass surface / bottom layer of
the polymer film; ii) midplane of the two layers of the polymer film; iii) FN protein /
top layer of the polymer film; and iv) FN protein / PDMS stamp surface. Among these
four interfaces, the strongest interactions are obviously the covalent bonds between
FN amines and the NHS-esters of the top layer of the polymer film. To achieve
successful pattern transfer the interaction at the FN protein / PDMS stamp interface
should be the weakest, allowing stamp removal without significant perturbation of the
underlying polymer film. We therefore explored conditions for stamping by varying
the contact time between film and the stamp, as well as the plasma treatment time
onto the film. It was found that 5 min contact time produced the best pattern;
whereas less than 5 min contact time resulted in partial transfer and more than 10
min contact time did not improve the pattern transfer quality. On the other hand,
plasma treatment time was varied between 10 sec and 30 sec to control the surface
wetting and FN adsorption strength. It was found that 10 sec of plasma treatment
along with 5 min contact time produced adequate pattern transfer without tear-out.

50

Having achieved a successful pattern transfer we proceeded to examine the stability of the FN patterns over time. Patterned films (both neat and doped) were kept
submerged in buffer solution and the patterns were monitored over time by fluorescence microscopy. The dot widths (i.e., diameters) remained constant at ∼20 microns
in all cases for the entire 18-hour time frame, irrespective of whether the films were
neat or doped (Figure 4.3). This result suggests that the FN proteins are acting
as effective crosslinks, prohibiting the redistribution of polymer chains. The lateral
diffusion coefficients of the neat and doped films are 1×10−10 and 3.5×10−10 cm2 /s,
respectively (Chapter 2). Such lateral diffusion of FN-labeled polymer from a single dot of uniform concentration would result in the dot width increasing by more
than 50% of its initial size within 3 h,[39] which is not observed. Given that there
are greater than 75 amines per FN and the dimensions of FN (≈ 16 × 9 × 2nm3 ),
[58, 92, 114] our view of FN-based crosslinking is consistent with the observed dot
pattern stability.

a

b

Figure 4.3: Average protein dot size on the surface of (a) neat and (b) doped films
over time. The patterned surface was kept under wet conditions and images were
taken at regular intervals. The dot sizes were measured by using ImageJ software
using the average of at least three dots at any observation.

We next explored the potential of these FN-patterned films to interrogate cell adhesion and spreading, with particular attention to the role of the underlying substrate
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mobility (i.e., neat vs. doped films). At any given time the average cell projection
area did not demonstrate significant statistical differences between neat and doped
films Figure 4.5. However, the number of contact points between cells and the FN
dots is strongly affected by the mobility of the underlying film. We define two categories of contact points: cells that are in contact with less than two dots (a) or two
or more dots (b). On FN-patterned neat films cells preferentially moved from state
”a” to state ”b” over the 8 h timeframe, thereby increasing their average contact
points, Figure 4.4a and b. This preference is emphasized by the observation that
those cells found in state b at 1 h maintained such a state. In contrast, on FNpatterned doped films, cells maintain their distribution between the ”a” (∼60%) and
”b” (∼40%) states (Figure 4.4a and b), revealing a preference for a relatively low
number of contact points. As we will discuss below, the behavior on doped films is
not a static condition, since about 60% of the cells demonstrate the ability to shift
between the two different states (30% from ”a” to ”b”, and vice versa). Thus cells
do explore their preference for a different number of contact points.

a

b

Figure 4.4: Percentage of cells in contact with less than two FN dots (a) or with
two or more FN dots (b) at different times. Black and grey columns correspond to
FN-patterned neat and doped films, respectively.
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Although cell projection area always increased to similar levels (Figure 4.5) in
the presence of FN dots), we only found a statistically significant increase on neat
films. Furthermore, the area size defined by the mutual overlap of cells and FN dots
(cell-FN contact area) showed a descending trend on neat films (Figure 4.6a), with
the difference to become statistically significant at 8 h. This result is consistent with
previous findings where cell projection area increases with the number and not the
cell-FN contact area.[30]. Therefore, it appears that cells on FN-patterned neat films
compensate the decrease of cell-FN contact area by creating a greater number of
contact points (Figure 4.4b), in order to promote their spreading.

Figure 4.5: Cell projection area for different time points. Black and grey columns
correspond to the average cell projection area of cells seeded on top of FN dots that are
supported by neat and doped polymer films, respectively. The error bars correspond
to the standard error of the mean. Statistical comparison with ANOVA did not detect
statistical significant differences (p > 0.05).

In contrast to the behavior on FN-patterned neat films, cells on FN-patterned
doped films predominantly display a single contact point (Figure 4.4a) without any
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a

b

Figure 4.6: Average cell-FN contact area at different times on FN-patterned (a) neat
and (b) doped films. The error bars correspond to the standard error of the mean.
Pair-wise comparisons are based on Student’s t-test.

significant change in cell-FN contact area (Figure 4.6b). This behavior suggests that
on these doped films, the initial number of contact points and the initial cell-FN
contact area cannot be improved substantially further, in spite of the cells exploring
of other conditions. Nevertheless, cells on FN-patterned doped films are still able
to increase their average projection area Figure 4.7, although the response is weaker
than for neat films. These results indicate mechanistic differences between cells on
neat and doped films.
In previous studies on polymer films displaying isolated RGD peptides, we found
that cells indeed employ different mechanisms to promote their spreading on films of
different mobility (Chapter 2). Contractility-dependent and contractility-independent
mechanisms dominated cell adhesion on low (neat) and high mobility (doped) films,
respectively. Contractility-dependent mechanisms are related with the efficiency of
force transmission onto the film, while contractility-independent mechanisms are related with the clustering of integrin-RGD ligands. We therefore suggest that cell
spreading on FN-patterned neat films is dominated by attachment to multiple FN
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Figure 4.7: Cell projection area in response to the number of cell contact points with
FN dots. Black and grey columns correspond to FN-patterned neat and doped films,
respectively. The error bars correspond to the standard error of the mean. Pair-wise
comparisons are based on Student’s t-test.

dots because it permits cells to apply contractile forces across the crosslinked domains.
On FN-patterned doped films where spreading occurs by a contractility-independent
mechanism, we suggest that clustering relies exclusively on integrin re-organization,
since the FN dots are essentially crosslinked. Such integrin clustering on the cell
surface is expected to be largely independent of the number of contact points and
cell-FN contact area, as is indeed observed.

4.3

Conclusions

We have developed a method for the fabrication of FN patterns on polymer films
having tunable substrate mobility. These hybrid substrates are created by a combination of the directed assembly of block copolymers and the microcontact printing
of FN. We find that cells sense substrate mobility even when the FN patterns are
identical. On low mobility films cells promote their spreading by contacting multi-
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ple FN dots at the expense of cell-FN contact area, whereas on high mobility films
cells spread relatively less and show no preference to optimize either contact points
or cell-FN contact area. These FN-patterned films show potential to improve our
understanding of cell mechanobiology by in situ monitoring of cell responses, and
possibly, cell-induced pattern remodeling.[132] Future efforts will focus on the fabrication of related substrates with varying pattern geometry and spacing (combined
with substrate mobility) in order to evaluate the degree of FN remodeling and force
transmission in more physiologically relevant extracellular environment.
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CHAPTER 5
CONCLUSIONS

We employed LB and LS methods to develop brush-like block copolymer bilayers with tunable lateral mobility. It was demonstrated that the lateral mobility of
the polymer films is enhanced by the addition of short homopolymer chains. The
brush configuration of the block copolymer chains was confirmed by the compression
isotherm and the corresponding thickness measurements on the deposited films. The
characterization of the lateral mobility was achieved by FRAP under aqueous conditions, while the mobility of the block copolymer chains ranged between supported lipid
bilayers and polymersomes. When these mobile polymer films contained a sufficient
fraction of RGD-labeled block copolymer chains, they promoted integrin specific cell
adhesion. With simultaneous control over ligand density and lateral mobility, these
films show the potential to capture a key feature of cell-ECM interactions: the ability
of cells to induce changes in the substrate over time.
Moreover, we demonstrated biphasic cell spreading behavior in response to film
mobility, that is different from previous studies on elastic substrates.[56, 168] This
behavior results from two different mechanisms associated with cell adhesion on mobile films. On low mobility films, cells form larger focal adhesions that promote
spreading through contractile responses. On high mobility films, the results of combined pharmacological treatment and centrifugation-adhesion assay suggest that cell
spreading is favored by non contractile responses associated with the contributions of
integrin-RGD complexes and their contractility independent clustering.
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As we mentioned above, our films demonstrate the potential to be remodeled
with time by cell generated forces. To evaluate this effect, we suggest the creation
of similarly self assembled polymer films that display FRET (fluorescence resonance
energy transfer) active fluorescent dyes (donor and acceptor).[96] Films with the capacity to be characterized by FRET require the use of block copolymer chains that
are concurrently labelled with RGD and FRET assisting fluorescent molecules. These
fluorescent block copolymers will be diluted in the same organic solvent before their
application at the interface of the Langmuir trough. Compression isotherms should
also be generated to assure the brush-like configuration of the modified block copolymers. In conclusion, cell adhesion on FRET active films will provide a tool to associate
the lateral mobility of the films with integrin-RGD mediated substrate remodeling.
In this work, we focus our attention on the role of α5 β1 and αv β3 on cell adhesion
over mobile substrates. We demonstrated that α5 β1 and αv β3 control cell spreading
and polarization on low and high mobility films, respectively. In addition, we found
that cells spread faster and polarize slower in the presence of both integrin receptors.
Our results suggest that cell spreading dynamics are mainly affected by the mobility
of integrins relative to the extracellular substrate. Instead, cell polarization dynamics
are most probably determined by integrin-mediated intracellular signaling.
The latter results on cell polarization highlight the need to perform future studies
on the expression of intracellular signaling pathways (i.e. mDia,[153, 187] Rac1,[38,
153, 191] and RhoA[153]) that are related with α5 β1 and αv β3 mediated polarization. In addition, to investigate the role of substrate mobility on films with more
natural-like biochemical characteristics, it will be useful to involve the presentation
of additional motifs such as the PHSRN synergy peptide. The creation of films
that display both RGD and PHSRN peptides will also assist to better evaluate the
mobility effects on α5 β1 and αv β3 mediated cell adhesion, especially since α5 β1 can
simultaneously bind to suitably arranged RGD and PHSRN.[66, 116]
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The above findings and suggestions for future experiments on cell adhesion dynamics are crucial for various biological processes such as immune responses. Some
characteristic examples of immune responses involve macrophage adhesion on implantable devices[142] and tumor tissues.[36, 133] Preliminary results on macrophage
adhesion over RGD displaying mobile films exhibited similar spreading behavior
with fibroblasts (Figure 5.1). This behavior along with the role of macrophages
on ECM remodeling[36, 133] highlight the need to create advanced substrates with
time-dependent physical characteristics.

Normalized area

1.4
1.2

a
(a)

b
(b)

1
0.8
0.6
0.4
0.2
0

0

1E-9

0

1E-3

Volume fraction PIB

1E-9

1E-3

Volume fraction PIB

Figure 5.1: Similar spreading response to substrate mobility for (a) 3T3 NIH fibroblast
and (b) macrophage cells.

Toward this direction we developed substrates of micro-contact printed fibronectin
(FN) patterns over polymer films of different mobility. These hybrid substrates propose a platform to investigate the interplay between film mobility and FN pattern
on cell-FN interactions. Our results suggest that cells sense the dynamic supporting
substrate by controlling the size of their contact region with the presented FN dots.
However, to better understand cell behavior on these patterned substrates, future
experiments entail the investigation of intracellular protein organization (i.e. FAs,
cytoskeleton) in response to the size, geometry and mobility features of the extracel59

lular substrate. An interesting first experiment toward this direction is the creation
of film supported FN dots with size characteristics that are relevant to focal adhesions. In previous work, Stricker et al.[173] correlated the time dependent size of
focal adhesions with their position from the cell edge and their ability to transmit
forces. Moreover, it was shown that FAs at 8um from cell edge increase their substrate transmitted force without further change of their size.[173] In addition, cell
adhesion on mobile films demonstrated an upper limit of FA size at ≈ 1.8um2 (Figure 2.10). Adopting similar length scale features into the design of film supported
FN dots, we will further determine the association between substrate mobility and
the spatiotemporal features of FAs.
Furthermore, Antia et al.[4] (Figure 1.2) demonstrated cells ability to remodel
their extracellular FN toward the formation of fibrils. However, these experiments
were performed on physically adsorbed FN onto solid substrates. It would be therefore
interesting to investigate the effects of substrate mobility on the remodeling efficiency
of FN molecules. To examine the spatiotemporal characteristics of substrate dependent FN remodeling, we could employ FRET-labelled FN molecules that have been
previously used to study cell-induced FN unfolding.[167] The comparison of FRET
results between FN and ligand presenting polymer films will allow us to better evaluate the efficiency of mobile films to mimic the cell-induced remodeling capacity of
natural extracellular adhesive proteins.
The engineering of film supported FN dots that we suggested in the last two
paragraphs is expected to promote integrin-mediated cell adhesion. Moreover, in this
thesis (Section 3.2), we showed that fibroblasts use different integrins to control their
spreading and polarization in response to the mobility of RGD-presenting substrates.
Thus, it is critical to investigate If cells use different integrins to respond on the
film supported FN dots. Nonetheless, in addition to RGD (FNIII 10 domain), FN
molecules contain the PHSRN synergy peptide (FNIII 9 domain).[78] In the presence
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of this additional peptide, it is suggested that fibroblast cells primarily bind to FN
through their α5 β1 integrins,[94, 118] that bind to both RGD and PHSRN peptides
with significant effects on the characteristics of cell adhesion and mechano-sensing.[59]
Nevertheless, after Grant et al.[66] engineered the spacing domain between the RGD
and PHSRN peptides of the fibronectin molecules, they demonstrated that cell binding depends not only on binding sites, but on the relative orientation of these sites
too. Hence, we expect that there will be a spectrum of orientations between the RGD
and PHSRN peptides of the FN molecules that either solely promote α5 β1 binding
or equally entail both α5 β1 and αv β3 binding. To study how the mobility of the FN
support can affect the role of different integrins in cell adhesion, we suggest to perform
cell adhesion experiments: a) in the presence of α5 β1 and/or αv β3 inhibitory antibodies, b) on substrates with engineered FN molecules that do not favor the simultaneous
binding of RGD and PHSRN peptides and c) under control conditions. We believe
that the information collected from these experiments will provide significant insight
on the functionality of α5 β1 and αv β3 that is important in various cellular functions
such as morphogenesis[17, 28] and angiogenesis.[162]
For all the above experiments, the mobility of the polymer films that display
ligands or proteins is the major parameter of our studies. The creation of mobile
polymer films highlights our interest toward the development of partial ECM mimics
with time-dependent mechanical features. Previous work has examined cellular responses on hydrogels with real-time stiffening or softening control.[67, 188] Combining
the outcomes of these works with our ability to form supported mobile polymer films,
we suggest future experiments where the polymer films are supported by hydrogels
with reversible mechanical properties.[106, 107, 124, 126] In this manner, we will be
able to create artificial systems in order to better examine the dynamic cell-ECM
interplay that determines the fate of adherent cells in biological functions.[2]
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In brief, dynamic polymer constructs with mechanical features provide a useful
platform for the creation of artificial platforms with ECM-like characteristics. We
envisage that our results and discussion will provide a practical perspective for the
design of artificial systems with ECM-like characteristics and the potential to be used
in advanced in vitro studies.
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CHAPTER 6
EXPERIMENTAL

6.1

Materials

The polymers 1,2-polybutadiene-b-poly(ethylene oxide) (1,2-PBd-PEO) of Mw =
10 kg/mol (PDI =1.15) and wEO = 0.40, and poly(isobutylene) (PIB) of Mw = 0.9
kg/mol (PDI = 1.3) were obtained from Polymer Source, Inc. (Canada), and were
used as received. Bovine serum albumin (BSA) was purchased from Sigma and used
as received. Silicon wafers were purchased from International Wafer Service, Inc.,
(California, USA) and glass coverslips were purchased from Fisher. Trypsin-EDTA
solution, Dulbecco’s modified Eagle’s medium (DMEM), penicillin - streptomycin solution, and calf bovine serum were supplied from ATCC. Y − 27632 dihydrochloride
was purchased from Sigma-Aldrich. Mouse monoclonal antibodies to b3 (2C9.G3) and
α5 β1 (BMA5) were purchased from eBioscience and Millipore, respectively. , Rhodamine DHPE AND fluorescein DHPE were supplied by Life technologies. ArginineGlyicine-Aspartate-Serine (RGDS) peptides were supplied by Sigma-Aldrich.

6.2

Fabrication of supported block copolymer films

Silicon wafers or glass coverslips were rinsed with EtOH and RO water, incubated
to the oxygen plasma cleaner for 5-10min (HARPICK PLASMA), and submerged in
the RO water subphase of the Langmuir trough (Kibron, MicroTrough X). Chloroform solutions of polymers were applied dropwise at the air/water interface and left
quiescent for 15 min before compression. The initial surface pressure after the addition of polymer solution and before compression was between 20 − 22 mN/m. The
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interfacial films were compressed at a rate of 10 mm/min up to a surface pressure of
39 mN/m [103].
For the fabrication of supported monolayers, we used chloroform solutions of PBPEO or its mixture with PIB homopolymer. Interfacial films were transferred from
the air/water interface to the silicon wafers or glass coverslips at a constant deposition pressure and rate (39 mN/m, 1 − 2 mm/min) using Langmuir-Blodgett (LB)
deposition. Within an hour post-fabrication, the supported monolayers were used to
create a supported bilayer by the Langmuir-Schaefer (LS) technique. LS deposition
was allowed a contact time of one minute between the supported monolayer and the
interfacial film of PB-PEO. The dry thickness of silicon-supported films (Table 2.1)
was measured by ellipsometry (LSE Stokes Ellipsometer 7109-C370, Gaertner) using
a two layer model (Gaertner Ellipsometer Measurement Program, GEMP). For both
supported polymer films (monolayers or bilayers) the given values of thickness and
refractive index of the bottom silicon oxide layer were 2.5nm and 1.46, respectively.
The guess value for the thickness of the supported polymer monolayer was 10nm[103]
and the refractive index was set to 1.5. The guess value for the thickness of the
supported polymer bilayer was 20nm[103] and the refractive index was set to 1.5.
The thickness and the refractive index of the lower layer were , respectively. The
thickness of the lower layer is measured after the oxygen plasma treatment and before
the transfer of the polymer film. The refractive index of the upper layer was .
To allow for fluorescence recovery after photobleaching (FRAP), chloroform solutions of PB-PEO (' 90 vol%) and PB-PEO-FITC (' 10 vol%) were premixed and
applied at the air/water interface. The fluorescent interfacial film was introduced as
the topmost layer through LS deposition onto neat or PIB-doped PB-PEO monolayers. It has been previously shown that labeling a fraction of the polymer chains up
to ' 25 vol% does not alter their diffusion characteristics [70]. Herein, a minimum
concentration of ' 10 vol% of the PB-PEO-FITC was necessary to gain the required
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contrast for the FRAP experiment. FRAP studies were initiated within 1 hour after
bilayer formation.
For the cell adhesion studies, chloroform solutions of PB-PEO and PB-PEO-RGDS
were premixed in a stoichiometric ratio that resulted in the desired RGD spacing. The
calculation of the RGD spacing assumes ideal mixing between the polymer chains
and employs the deposition surface density. The interfacial film containing PB-PEORGDS was introduced as the topmost layer through LS deposition onto neat and
PIB-doped PB-PEO monolayers.

6.3

Cell adhesion studies

Synchronized and enzymatically recovered fibroblasts were centrifuged (125g, 10
min, 2×) and then resuspended in complete DMEM. The RO water phase above
freshly prepared polymer films was exchanged with PBS solution (3×, 5 mL). PBS
was exchanged with BSA solution (1 mg/mL, pH 7.4) (3×, 5 mL) and left quiescent
for film passivation (T=20 ◦ C, t = 30 min). Afterwards, the BSA solution was
exchanged with complete DMEM (3×, 3 mL). The cell suspension was added above
the bilayer films to an initial surface concentration of 3 × 103 cells/cm2 and incubated
for 24 hours (T=37◦ C and 5% CO2 ). Only the cells that did not participate in cell-cell
contacts were used for cell projection area measurements. After image acquisition, the
incubation wells were filled with complete DMEM of adjusted temperature (T=37 ◦ C)
and sealed with para-film to avoid bubbles. The sealed wells were centrifuged (Fisher
Scientific, accuSpin 1R) at 600g for 10 min[115] (6.1) to measure the percentage of
cells (Wcontrol ) that remained attached after centrifugation.
The pharmacological treatment with contractility inhibitor (Y − 27632) was performed after cells had been cultured on the different polymer films for 24h. Contractility inhibitor (Y − 27632) in PBS was added at a final concentration of 50 µM and
allowed a 30 min incubation time at room temperature [53, 91] before measuring the
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Figure 6.1: Cells adherent on mobile polymer films for 24h were subject to the
centrifugation-adhesion assay (600g for 10min) under control and pharmacological
treatment with Y − 27632 for the calculation of the normalized adhesion strength
δ(W )/W . Where δ(W )/W = (WY −27632 − Wcontrol )/(Wcontrol ).

new cell projection area and performing the centrifugation - adhesion assay (600g,
10 min). The percentage of remaining cells (WY −27632 ) was measured and compared
with the percentage value W of the control experiment to calculate the normalized
adhesion strength δ(W )/W = (WY −27632 − Wcontrol )/(Wcontrol ).
For the characterization of cell spreading and polarization dynamics cells were
seeded on the polymer films with an initial surface concentration of 1.5×104 cells/cm2
and placed for incubation at T=37 ◦ C and 5% CO2 . Image acquisition for all the
different incubation conditions was performed at 2, 4, 8, 12 and 24h. To examine integrins role on spreading dynamics we used the specific monoclonal inhibitory
antibodies (2C9.G3 and BMA5 for the extracellular domains of αv β3 and α5 β1 , respectively). Cell suspension of 1.5 × 104 cells/ml was mixed with 20 µL (0.5 mg/mL)
of αv β3 specific antibody (or 5 µL of α5 β1 antibody solution, 5 mg/mL) for 30 minutes and then it was added over DMEM-covered bilayer films into a final volume of
1 mL. Equal amount of αv β3 (20 µL, 0.5 mg/mL ) inhibitory antibodies (or 5 µL
of α5 β1 antibody solution, 5mg/mL) was added to the seeding medium after image
acquisition at the time intervals of 2, 4, 8, 12 and 24 h.
For the cell adhesion studies on FN patterned polymer films, we incubated the
substrates with BSA solution (1 mg/mL, pH 7.4) (3x, 5 mL) and left quiescent for
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passivation of the non-patterned film area (T = 20 deg C, 30 min). Afterwards, the
BSA solution was exchanged with complete DMEM (3x, 3 mL). The cell suspension
was added above the substrates to an initial surface concentration of 3 × 103 cells/cm2
and incubated for up to 8 hours. For all the cell studies only cells without visible
cell-cell contacts were used for measurement and analysis.

6.4

Immunofluorescence staining

After a seeding period of 24 hours, the cells underwent fixation by transferring
the coverslips to wells containing 4% formaldehyde (Carson-Millonig Formulation;
Fisher Scientific) in PBS containing Ca2+ and kept at ambient temperature for 15-20
minutes. Following three rinses with PBS, free aldehydes were quenched with 0.3M
glycine in PBS (3×, 15 min) and permeabilized with 0.1% Triton X-100 for 5 min. To
block non-specific interaction, 2% bovine serum albumin (BSA) in PBS was added
and incubated for 60 min at ambient temperature. Cells were rinsed with 0.1M EDTA
in PBS (3×, 5 min) to remove trace metals. Anti-vinculin-FITC (1:50 dilution, Sigma
Aldrich) was added and left in the dark for 60 min at room temperature. After rinsing
with 0.1% Triton-X100 in PBS (3×, 2 min) and 0.1M EDTA in PBS (3×, 5 min),
actin-phalloidin-orange (1unit; Molecular Probes) (2% BSA) in PBS was added for 30
min. The coverslips were mounted on microscope slides with ProLong antifade reagent
(Molecular Probes) and left to cure overnight in the dark prior to image acquisition
with FITC and TRITC filters at an inverted microscope (OLYMPUS IX71).

6.5

Synthesis

Poly(butylene)-b-poly(ethylene oxide) (PB-PEO, 2) of Mw = 10.2 kg/mol
(PDI = 1.14) and wEO = 0.39 was produced by homogeneous hydrogenation of the
1,2-PBd-PEO mentioned above, following the procedure of Hahn et al. [68]. Briefly,
to 1,2-PBd-PEO (10−2 mmol, 100 mg) dissolved in o-xylene (10 mL) was added
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tosylsulfonylhydrazide (2.7 mmol, 533 mg) and tri-n-propylamine (3.3 mmol, 640
mL). The reaction was stirred for 4 hours and found complete by the disappearance
of the diene peaks based on crude 1 H-NMR. The crude reaction was diluted with
o-xylene (20 mL) and washed with water (2×) and then brine (1×). The milky
mixture was centrifuged at 10,000 g for 10 minutes to break emulsions and separate
the organic layer. The combined organic layers were dried over MgSO4 , filtered, and
concentrated in vacuo to yield an orange residue. The copolymer was precipitated
from iPrOH:CHCl3 (≈ 97:3 v/v) and concentrated to half volume and to azeotrope
trace CHCl3 . This procedure formed a white sandy precipitate that was placed in 80◦ C for 2 hours and then warmed to room temperature. The precipitate was collected
by fine filtration to yield the hydrogenated polymer (83 mg, 81%).

1

H-NMR (300

MHz, CDCl3 ) δ 3.64 (b, -O−CH 2 −CH 2 −O-), 1.25-0.83 (m, -CH 2 −CH(CH 2 −CH 3 )).
To achieve both fluorescent (PB-PEO-FITC, 4) and peptide end-labeled (PB-PEORGDS, 6) copolymer, the PB-PEO (2) was modified to the amine reactive succinimidyl ester (PB-PEO-NHS, 3). Discuccinimidyl carbonate (0.29 mmol, 74 mg) dissolved in acetonitrile (1.5 mL) was added to PB-PEO (3.6 × 10−3 mmol, 37 mg)
and N,N -diisopropylethylamine (0.36 mmol, 63 µL) dissolved in toluene (1.5 mL).
The reaction was stirred for 2 days, turning orange. The copolymer was precipitated
in vacuo from iPrOH:CHCl3 (≈ 97:3 v/v) to azeotrope CHCl3 and reduced to half
volume. The copolymer was collected by fine frit filtration and submitted to silica
gel column chromatrography (silica gel). The copolymer was pre-adsorbed onto the
silica gel submitted to a sequential gradient of chloroform:ethyl acetate (50:50), chloroform, chloroform:methanol (95:15 → 90:10) to afford the copolymer 3 as a clear
white residue. 1 H-NMR (300 MHz, CDCl3 ) δ 3.64 (b, -O−CH 2 −CH 2 −O-), 2.85 (s,
-NHS), 1.26-0.83 (m, -CH 2 −CH(CH 2 −CH 3 )-).
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Poly(butylene)-b-poly(ethylene oxide)-fluorescein isothiocyanate (PB-PEGFITC, 4). Ethylene diamine (0.14 mmol, 9 mL) was added to a dichloromethane (1
mL) solution of compound 3 (2.7 × 10−3 mmol, 28 mg) and the reaction was stirred
at 20◦ C for 20 hours. Afterwards, the copolymer was precipitated in vacuo from
iPrOH:CHCl3 (≈ 97:3 v/v) to azeotrope CHCl3 and reduced to half volume. The
cloudy mixture was diluted with iPrOH (200 mL) and placed at -78◦ C overnight.
The mixture was then filtered cold through a fine frit to collect the amine terminated copolymer poly(butylene)-b-poly(ethylene oxide)-(2-aminoethyl)carbamate,
(PB-PEO-NH2 ) as a white residue (26 mg, 93%).

1

H-NMR confirmed the disap-

pearance of the -NHS peak. To PB-PEO-NH2 (2.5 × 10−3 mmol, 26 mg) dissolved
in dichloromethane (1.5 mL) was added FITC (2.5 × 10−2 mmol, 11 mg) dissolved
in N,N -dimethylformamide and stirred in the dark overnight. After 22 hours, the
reaction was submitted to silica gel column chromatography. The copolymer was
pre-adsorbed onto silica gel and flushed sequentially with chloroform:ethyl acetate
(50:50), ethyl acetate, chloroform, chloroform:methanol (95:5 → 80:20) to obtain PBPEO-FITC, 4.
Poly(butylene)-b-poly(ethylene oxide)-Arg-Gly-Asp-Ser-OH (PB-PEG-RGDS,
6).

To 3, (1.5 × 10−3 mmol, 15 mg) in dichloromethane (140 mL) was added

the protected peptide H2 N-Arg(Pbf)-Gly-Asp(tBu)-Ser(tBu)-OH (7.5 × 10−3 mmol,
7.6 mg) and N,N -diisopropylethylamine (2.9 × 10− 2 mmol, 5.0 mL). The reaction
was stirred overnight giving a clear light yellow solution. The reaction stopped by
adding the reaction solution dropwise to isopropanol (400 mL) and placed at -20◦ C
overnight. A white precipitate formed overnight that was filtered and collected on
a fine frit funnel. A white residue was collected yielding 15.6 mg of ”protected”
peptide-labeled copolymer, 5 (74% product determined by 1 H-NMR using the ratio
of the Arg(Pbf) protecting group to PEO). 1 H-NMR (300 MHz, CDCl3 ) δ 4.20 (m,
-O−CH 2 −CH 2 −O−C(O)N-), 3.65 (b, -O−CH 2 −CH 2 −O-), 2.95 (s, -CH 2 of Pbf),
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2.59 (s, -CH 3 of Pbf), 2.52 (s, -CH 3 of Pbf), 2.09 (s, -CH 3 of Pbf), 1.25-0.83 (m,
-CH 2 −CH(CH 2 −CH 3 )-). To 5, (7.1 × 10−4 mmol, 8 mg) was added trifluoroacetic
acid (6.7 × 10−3 mmol, 500 mL) and triisopropylsilane (1.2 × 10−4 mmol, 25 mL)
and stirred for 2 hours at room temperature. After 2 hours, the reaction mixture was
added to cold isopropanol (200 mL) and placed at -20◦ C overnight to give a fine white
suspension. The suspension was filtered and collected through a fine frit to yield 7.9
mg of PB-PEO-RGDS, 6.

6.6

PDMS stamp preparation and contact printing

Sylgard 184 base and curing agent PDMS precursor components were mixed together in a 10:1 ratio. After degassing, the mixture was cast over a silicon master
mold having micron-sized hole patterns and was cured for 12 h at 65 C. After curing,
the PDMS was carefully peeled off from the master. The PDMS stamp prepared by
the above-mentioned procedure has a post diameter of 18 microns, an edge-to-edge
distance from one post to other of 9 microns, and a post height of 8 microns. Stamps
were treated with oxygen plasma in a Trion Phantom III ICP/ RIE etcher for variable
time. The treatment was done at 20 mT, 30 sccm O2 , with ICP and RIE power of
20 W and 30 W respectively. Fibronectin (HiLyte 488, Cytoskeleton, Inc.) solution
(100ug/mL) in phosphate buffer saline (PBS) was added as a drop (50 ul) onto the
surface of the stamp. We monitored the spreading of the drop on the stamp surface
with time and found that 30 min incubation gave adequate results.
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APPENDIX
ADDITIONAL EXPERIMENTAL NOTES

A.1

Using fluorescent lipids to assess the effects of homopolymer on bilayer mobility

To investigate the mobility effects from the incorporation of PIB homopolymer in
supported block copolymer bilayers, we used fluorescent lipids. Moreover, the bottom
and top layers of these films were assembled at the air-water interface and transferred
on glass cover slips using Langmuir-Blodgett and Langmuir-Schaefer techniques, respectively. Furthermore, we created supported monolayer films with three different
compositions of interfacial mixtures: a) hPBd-PEO (90mol%) and polyisobutylene
(PIB, 3kDa, 10mol%), b) hPBd-PEO (99mol%) and PIB (3kDa, 1mol%) and c)
hPBd-PEO (90mol%) and PIB (0.9kDa, 10mol%). In all the cases, the top layer
of the films was assembled by the interfacial mixture of hPBd-PEO (99mol%) and
DHPE-Rhd (1mol%). Using an inverted fluorescence microscope, we created bleaching spots by means of the arc lamp. Afterwards, we acquired fluorescent images with
TRITC filter (40x lens, 1 × 1 binning, exposure time:2sec) at different time intervals (Figure A.1). Interestingly, the images in Figure A.1c revealed a high density of
non-fluorescent black spots. We expect that this is an effect of microphase separation
associated with the high number of PIB homopolymer chains. In addition, this result
guided us to create supported bilayer films with maximum molar percentage of 1mol%
when they were designated for the cell adhesion studies of this thesis.
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Figure A.1: FRAP experiment on lipid containing supported block copolymer bilayers. (a) bottom layer: hPBd-PEO (90mol%) and polyisobutylene (PIB, 3kDa,
10mol%), (b) bottom layer: hPBd-PEO (99mol%) and PIB (3kDa, 1mol%), (c) bottom layer: hPBd-PEO (90mol%) and PIB (0.9kDa, 10mol%). The top layer added
onto these three different monolayers is similar: hPBd-PEO (99mol%) and DHPERhd (1mol%). Scale bar: 20um.

A.2

Inverted microscopy FRAP on supported lipid bilayers

This is a control experiment to evaluate FRAP technique in our inverted microscope using supported phospholipid bilayers. We fabricated supported lipid bilayers
by fusion of their corresponding vesicles. We dissolved 0.99mg of eggPC and 0.01mg
DHPE-Rhodamine in 100uL of chloroform (CHCl3) within a 4mL chloroform proof
glass vial. We subjected the lipid mixture solution at slow N2 (g) flow until the chloroform solvent was evaporated (1h). 1mL of potassium chloride (KCL) solution (0.15M)
was added in the vial. The sealed vial was transferred at the bottom of a water con-
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Figure A.2: Sq.radius against half time for FRAP experiment performed on supported
lipid bilayers. The value of lateral mobility, that corresponds to the slope of the linear
line, is in agreement with previous measurements on similar bilayers.[88, 119]

nected with the sonicator (Fisher Scientific, Sonic Dismembrator, Model 100). The
sonicator was set at level ”2” for 1h creating a colloid lipid suspension.
The colloid suspension was deposited over glass cover slips that had already been
rinsed with ethanol and RO water and then treated with oxygen plasma for 10min.
Incubation lasted for 1h under Troom . Afterwards, we exchanged the colloid lipids
suspension with KCL (0.15M). The glass cover slip was transferred onto a glass slide
using a seal spacer and RO water as the intermediate medium. Notice that we avoided
using KCL (0.15M) as the intermediate medium, because it distracted the stability
of the seal spacer. The supported vesicle emitted light that it was detectable using
the TRITC filter of the arc lamp allowing us to perform FRAP.
We created bleached spots of different sizes and then monitored the recovery of the
fluorescence intensity. For each field of view, fluorescence intensity was measured at
two different spots: the bleaching spot (or region of interest: ROI) and away from ROI
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(REF). AFter data collection, we created the normalized fraction N(F)=[(F(t) - F(0))
/ (F(oo) - F(0))] where F=I(ROI)/I(REF). We performed the FRAP experiment for
three different ROI sizes (330, 357 and 412 um2 ) and fields of view. For all the different
experiments, we matched the half time for the recovery of fluorescence intensity at
N(F)=0.5. The diffusion coefficient corresponds to the slope of bleached area against
the half time (Figure A.2). Our results for the diffusion coefficient were found in good
agreement with previous works.

A.3

Notes on confocal microscopy FRAP experiment (Zeiss
LSM 510 META instrument)

Supported bilayer polymer films are expected to have slower dynamics than the
corresponding lipid constructs creating the need to perform FRAP experiments for
significantly longer period of time. To address this issue we showed that the use of
confocal microscopy is a suitable technique for FRAP on polymer films. Here, we
demonstrate a set of conditions that the user needs to be aware before performing
FRAP by means of a confocal microscope. Briefly, (a) the image acquisition rate, (b)
the number of images per stack (c) the acquisition photo damage can be adjusted
by the user in order to account for the stability of the fluorescent dye, the dynamics
of the polymer system, the laser power and the temperature sensitive drifting of the
microscope lens. The following discussion describes how we prepared a FRAP using
confocal microscopy in order to measure the lateral mobility of fluorescein labeled
PB-PEO chains at the upper layer of bilayer supported films.
We turned on the Argon laser (488nm) at a 50% laser power (experiments performed until summer 2012). The selection of the laser power is a function of the laser
source and should be adjusted properly based on its current condition.
Because the microscope lens drifting are sensitive to temperature changes, we
turned on the laser and the electronics for a period of 2-4h before we begin the
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FRAP experiment. We noticed that microscope lens drifted 14um between 0-2h,
2um between 2-4h and only 1um for the next 10 hours after we had switched on the
electronics.
Lens drifting of this scale makes difficult to focus on the supported films that
demonstrate a thickness of 20-50nm. Therefore, we need to ensure that we can detect
the evolution of fluorescence intensity from the film plane during the whole period
of the experiment. To initially focus on the right plane, we used the arc lamp at its
lower intensity and in combination with the FITC filter that is suitable for our herein
used fluorescein dye. Right after we had focused on the right plane, we turned off the
shutter of the arc lamp to avoid photo damage of the fluorescent dye. We turned on
the Scanning Laser Mode (SLM) and adjusted the values of Pinhole and acquisition
gain in order to visualize the right focus plane with the best possible analysis. We
saved the images after each running. When we wanted to recall the same acquisition
gain and pinhole parameters, we opened the corresponding file and click ’reuse’.
At the next stage, we edited the number, size and geometry of the bleaching spots
(regions of interest - ROI). The bleaching pattern within the image view contained 2-3
rows in order to accommodate at bleaching spots of different and identical size. The
future users should define the size and the geometry of the bleaching spots based on
the dynamic characteristics of their system. To efficiently bleach the selected ROIs
and proceed to image acquisition, we used 40x lens (oil immersion). For efficient
bleaching, we use 50% of the laser power and 500 iterations. The number of iterations
can be adopted relative to the laser power. It is noteworthy to mention that the 63x
(oil immersion) did not effectively bleach our samples.
When the bleaching pattern is implemented, we immediately set the z-stack parameters (slice distance and the overall z-distance of the stack). The z-stack mode
allowed us to acquire multiple images at the z-coordinate which is normal to the film
surface. We applied a stack size of 10um and an inter-slice distance of 1um for all the
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different samples of supported bilayer polymer films. Moreover, we chose the ’Mark
as’ button along with the ”FAST” scan to determine the upper and lower planes of
our stack. We designated the film plane at t=0 as the ”Mark as Last and the lower
stack plane of the z-stack as the Mark as First.
Note that the distance between two successive slices is related with the pinhole
value. The smaller the pinhole value the smaller the distance of a slice from the
right focus plane before it efficiently captures its emitted fluorescent light. It is not
suggested to use an inter-slice distance shorter than 1um, because it might enhance
acquisition photo damage.
The decision for the number of slices per stack compromises the need to monitor
the right focus plane until the completion of the fluorescence recovery and avoid
extended photo damage that cannot be processed with the normalization approached
during data analysis. The molar concentration of PB-PEO-FITC for all the different
films was 10mol%.
Our herein applied stack parameters afforded the drifting for a 12h experiment
with a time interval for stack acquisition of 30min. The pixel to actual distance
ration was 1pix/0.17um. This ratio is important for gaining control over acquisition
bleaching. The shortest the interval between acquisition of different stacks, the larger
the drifting of the microscope lens.
The z-stack conditions we applied to our system gave us stacks that contained 11
images at each time point. Using imageJ, we turned the stack into a series of images
and kept the image with the higher fluorescence intensity. We repeated the same step
for all the time points. We opened the selected images from all the different time
points and created a new stack at ImageJ. We traced the periphery of the initially
bleached spot (ROI) at the image that corresponds to t=0. Then we used the Plot
profile option from the Analysis tab. In this manner, we were able to automatically
measure the fluorescence intensity for all the selected images.
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Some trouble-shooting associated with the Zeiss LSM 510 META instrument involve impotency to detect the fluorescent plane through the scanning mode, though
the corresponding plane is visible through the VISION mode. In this case, we turned
off through the VISION software and then the PC. We waited 5min to allow sufficient laser cooling before we manually turned the laser off in order. Afterwards, we
restarted the laser and the PC.
On our supported block copolymer films, the initial FRAP bleaching spots with an
initial area of 50-200 um2 were monitored with a rate of stack/30min. For bleaching
spots less than 50 um2 , we monitored complete fluorescence recovery within 30min
and therefore we would have to readjust the acquisition rate for further quantitative
analysis.

A.4

Assessment of RGD mediated cell-film interactions

NIH 3T3 mouse fibroblasts (ATCC) were cultured in complete DMEM (10% v/v
serum and 0.5% streptomycin - penicillin) at T = 37 ◦ C and 5% CO2 . In all the
experiments we use fibroblasts of passage between 3 and 10. Before use, fibroblasts
were synchronized by serum starvation in DMEM ( no serum and 0.5% v/v antibiotic)
for 24h (T = 37 ◦ C and 5% CO2 ) and harnessed from the TCPS flask using trypsinEDTA. To investigate if cell adhesion is mediated by integrin-RGD interactions, we
performed the following pre-incubation assay:[75] cell suspension was mixed with free
soluble RGDS (1 mM) for 5 min at room temperature and then added over neat
films that exhibit RGDS at a ligand spacing of 100 nm. Similarly, cell suspension
in the absence of free RGDS was added to a second film of the same type. The
initial cell density for both cases was 3 × 103 cells/cm2 of substrate area. Both films
were incubated for 40 min at T = 37 ◦ C and 5% CO2 before rinsing with complete
DMEM. Bright field images were taken before and after the rinsing step to measure
the percentage of cells that remained attached. It was shown that the percentage of

77

cells that remained attached in the presence of soluble RGDS was approximately 12
times lower than the corresponding of cells incubated in the absence of soluble RGDS
(Figure A.3).

Figure A.3: Percentage of cells remained attached on polymer films compared to the
control. Cells were pre-incubated and cultured on the polymer films in the presence
of free soluble RGD.

A.5

Trypsin induced de-adhesion and retraction dynamics

The pharmacologically induced de-adhesion experiments we adopted and performed here are shown to assess the contractility of adherent cells.[160] Moreover,
the adherent cells are treated with trypsin in order to measure the dynamics of cell
retraction toward a rounded shape. In general, the faster contraction corresponds to
the higher cell stiffness.
In a similar manner, we studied the dynamics of trypsin induced de-adhesion for
NIH 3T3 mouse fibroblasts (ATCC), adherent on films with different mobilities. The
supported bilayer polymer films were fabricated as shown above (Figure 2.4) and
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placed in twelve seat multi-wells under reverse osmosis (RO) water. We exchanged
RO water with BSA (1%, 0.01g/ml) and incubated at Troom for 30min (3x). The BSA
solution was exchanged with complete DMEM (10% BCS), 3x. 3T3 NIH fibroblasts
were seeded over the supported bilayers under complete DMEM (at T=37 ◦ C and
5% CO2 ) at a density of 6000 cells/cm2 for 24h. Before we add trypsin solution, we
turned on the microscope for at least 30min before image acquisition. We performed a
control run of the script for automatic image acquisition with a rate that can capture
the de-adhesion cell response under the defined trypsin concentration. Herein, we
used Trypsin 0.5% (5g/L)/ EDTA 0.2% (2g/L) and captured bright field images with
a time interval of 5 sec for 5min. After the 24h period of cell incubation over the
polymer films, we aspirated the supernatant medium, allowing cells to remain covered
with a minimum volume. Afterwards, we added 2mL of Trypsin 0.5% (5g/L)/ EDTA
0.2% (2g/L) and started the script for image acquisition. Cell projection area was
normalized as following: N (A) = [A(oo) − A(t) /A(0) − A(oo) ]. N(A) was fitted with
an empirical exponential fitting (N (A)t = a × exp(−k × t), Figure A.4a) in order to
extract the characteristic de-adhesion rate k (1/sec), Figure A.4b.

A.6

Notes on centrifugation-adhesion assay

The control experiments of this section examined the accuracy and reproducibility of the centrifugation-adhesion experiment before the normalization suggested in
Figure 2.11. 3T3 NIH fibroblasts were adherent onto substrates that promote either
non specific or specific receptor adhesion. In both cases, we identified significant deviations on the average percentage of cells that remained attached over similar type
of substrates (i.e. bare and fibronectin coated glass).
Moreover, we successively rinsed multiple glass cover slips with ethanol EtOH
and R O water and placed them within an empty TCPS petri-dish. We stabilized
the cover slips with epoxy glue and added cell suspension under complete DMEM
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Figure A.4: (a) Change of normalized cell area N(A) with time after the addition of
trypsin solution. Circles correspond to film mobility of 3.5e-10 (cm2 /sec). Square
and diamond symbols correspond to film mobility of 1.8 and 2.5e-10 (cm2 /sec), respectively. (b) k (1/sec): retraction rate of the trypsin induced de-adhesion for films
of different mobility.

conditions ( 5ml) and initial cell density of 3000 cells/cm2 . The samples were incubated at 37 ◦ C and 5% CO2 for 24h. The petri-dishes were sealed using multiple
para-film layers avoiding the presence of air bubbles and subjected under centrifugation (600g for 10min) in order to measure the percentage of cells remained attached
after centrifugation (Figure A.5a).
For the receptor specific cell adhesion, we rinsed multiple glass cover slips with
ethanol EtOH and R O water and placed them within an empty TCPS petri-dish.
We stabilized the sample at the bottom of the petri-dish using epoxy glue. We
added fibronectin solution in PBS (pH=7.4) at a final concentration of 6ug/ml and
incubated at Troom for 30min. We exchanged the fibronectin solution with BSA (1%)
(3x) and incubated at Troom for 30min, before we exchange BSA with complete DMEM
(3x) and add cell suspension with an initial surface density of 3000 cells/cm2 . The
samples were incubated at 37 ◦ C and 5% CO2 for 24h. We sealed the petri-dish using
multiple parafilm layers in order to avoid the presence of air bubbles and subjected
the samples to centrifugation (600g for 10min), (Figure A.5b).In brief the results of
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the centrifugation-adhesion assay demonstrate decreased reproducibility. This result
motivated us to calculate the normalized adhesion strength (Figure 2.11) and decrease
the error between different experimental efforts.

a

b

Figure A.5: Percentage of cells remained attached after the centrifugation-adhesion
assay (600g, 10min) on substrates that promote non specific (a) and specific cell
adhesion interactions (b).

A.7

Cell membrane staining with fluorescent lipids (PKH26)

We detached seeded cells using using Trypsin EDTA and transferred the cell suspension in a 15mL polystyrene tube with 9mL of complete DMEM. We centrifuged
the sample at 120g for 10min to pellet the cells. We performed the last two steps 3
times. We aspirated the supernatant solution over the cell pellet to a final volume of
less than 25uL. We added 1mL of diluent C and gently mixed cell pellet (6 × 106 cells)
using a manual pipette. We added 4uL of PKH26 stock solution to obtain a final
PKH26 concentration of 4uM. We mixed cell suspension with the PKH26 diluent
solution (non drop wise manner) in a 15mL polystyrene tube using the electronic
pipette. After 4min of periodic rocking and mixing, we added 10mL of complete
DMEM and mixed with the pipette to stop the staining process. We centrifuged
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the new cell suspension at 400g for 10min. The supernatant was discarded and the
cell pellet was resuspended in 10mL of fresh complete DMEM. We repeated the last
two steps for 2 times. This staining protocol resulted to cells with fluorescent membrane (red stained),Figure A.6 a. However, seeding these stained cells on TCPS
culture flask for 24h involved cell spreading and division, that eventually caused to
cell membrane staining with non-homogeneous distribution of fluorescence intensity
(OLYMPUS IX71 inverted microscope), Figure A.6 b.

a

b

Figure A.6: (a) Homogeneously stained cell membrane before culture on solid substrates. (b) Culture of PKH26 stained cells on TCPS substrate (24h) results to
non-homogeneously stained cell membrane. TRITC filter images (10x lens, 2 × 2
binning, exposure time: 500ms). Scale bar: 20um.

To succeed a more homogeneous staining of adherent cells, we attempted to stain
cells that have already been cultured and spread on solid substrates. Moreover,
we seeded 3T3 NIH fibroblasts in 12 multi well TCPS plate with a cell density of
6000 cells/cm2 and incubated for 24h (T=37◦ C and 5% CO2 ). We transferred the
cover slip in a well containing PBS (M n2+ ) and incubated at Troom for 1min (2x) to
remove medium components that might induce PKH26 aggregation. We transferred
the cover slip in diluent C ( Troom ,1min) and then to a different well with diluent C and
PKH26 (4ul PKH26 in 3mL diluent C) and incubated at Troom for 1min. To remove
excessive PKH26, we successively transferred the cover slips at two different wells of
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PBS (M n2+ , pH=7.4) and incubated at Troom for 1min. We acquired bright field and
TRITC images (OLYMPUS IX71 inverted microscope) , Figure A.7. We found that
cells membrane still demonstrate non-homogeneously staining characteristics.
a

a

b

b

Figure A.7: (a) Bright field and (b) TRITC filter images (20x lens, 1 × 1 binning,
exposure time: 500ms) after the different rinsing steps for improved PKH26 membrane
staining. Scale bar: 20um.

In a different protocol, we seeded 3T3 NIH fibroblasts in 12 multi well TCPS plates
that contained glass cover slips with a cell density of 6000 cells/cm2 and incubated
for 24h (T=37◦ C and 5% CO2 ). 3T3 NIH fibroblasts were seeded over glass slips until
they reach confluence. We transferred the glass cover slips in a PBS (pH=7.4, M n2+ )
and incubated for 5min at Troom . We transferred and incubated the glass cover slips
in a well containing 4mL of diluent C premixed with 4uL of PKH26 stock solution and
incubated at Troom for 5min. We transferred the glass cover slips in PBS (pH=7.4,
M n2+ ) and incubate for 5min at Troom . We took images with bright field and TRITC
filter (Figure A.8 a).We transferred the glass cover slips with the adherent cells in an
other well of PBS (pH=7.4, M n2+ ) and incubated for 5min at Troom . We took images
with bright field and TRITC filter (Figure A.8 b) We transferred the glass cover slips
with the adhered cells in a well that contains complete DMEM and incubated for
5min at Troom . We took images with bright field and TRITC filter (Figure A.8 c).
The successive steps of PBS washing reduce the amount of free PKH26 and reduce
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the background fluorescence intensity. In addition, the above protocol allow us to
re-incubate cells and capture TRITC images (OLYMPUS IX71 inverted microscope)
of low background intensity under complete DMEM conditions.
a

c

b

Figure A.8: TRITC filter images (20x lens, 1 × 1 binning, exposure time: 500ms)
at different stages of rinsing during the membrane staining protocol. Cells are found
under two consecutive PBS solutions during (a) and (b) image acquisition. Cells are
found under complete DMEM during image acquisition. Scale bar: 20um.

A.8

Fibrilogenesis assay

In this experiment, we studied the formation of fibrils by the incorporation of
GFP-fibronectin (GFP-FN) in the complete DMEM solution. Moreover, we rinsed
the glass cover slips with EtOH and R.O H2O and subjected them to oxygen plasma
treatment for 5-10min. On top of the glass cover slips, we transferred the bilayer hPBPEO polymer films (no PIB or 1mol% PIB (Mw=900Da)) with RGD spacing of 50
nm. The supported bilayer films were placed into a twelve seat multi-well under RO
water, that it was later exchanged with BSA (1%, 0.01g/ml) and incubated at Troom
for 30min (3x). The BSA solution was exchanged with complete DMEM (3x). We
added GFP(488nm)-FN solution in the medium at a final concentration of 6ug/ml.
3T3 NIH fibroblasts were added to a final surface density of 3000 cells/cm2 . The
samples were incubated at 37 ◦ C and 5% CO2 for 24h. Following the 24h incubation
period, we transferred the supported films in a PBS (pH=7.4, M n2+ ) and incubated
at Troom for 30sec in order to dilute the sample from the presence of free GFP(488nm)-
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FN. The supported films were transferred in 4%w/w formaldehyde for cell fixation
(20min at Troom ). The fixated cells were dipped in PBS solution (Troom for 30sec).
PBS was dried away by touching a kimwipe tissue at the edge of the glass cover
slip. We filled the gap between the cover slip and the glass slide with anti-fade
agent. We left the sample in the dark (Troom ) for a minimum of 2-3h before image
acquisition. We acquired fluorescent and bright field images at an OLYMPUS IX71
inverted microscope (Figure A.9).
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Figure A.9: (a and c) Bright field and (b and d) FITC filter images (40x lens, 1 × 1
binning, exposure time: 2s) on neat (no PIB) and doped (0.1vol% PIB) supported
hPBd-PEO bilayers. Scale bar: 20um.

A.9

Cross-linking studies on block copolymers bilayers

We fabricated supported monolayers of poly(butadiene)-b-poly(ethylene oxide)
PBd-PEO (6-4k) through Langmuir-Blodgett deposition. The interfacial monolayers
of PBd-PEO were compressed at the air-water interface of the Langmuir trough up
to a deposition pressure of 40mN/m.[103] A second monolayer was added on top by
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Langmuir-Schaefer deposition of PBd-PEO (90mol%) mixture with fluorescent lipids
(DHPE-Rhd, 10mol%). The deposition pressure of the second layer was also 40mN/m.
The supported bilayer films were placed in a polystyrene multi-well flask without
crossing the air-water interface. To test the effects of UV-radiation on film dynamics,
we exposed the supported bilayer to monochromatic light of 302 nm for 5min. Using
the inverted fluorescence microscope, we created bleaching spots by means of the arc
lamp. We took characteristic images (OLYMPUS IX71 inverted microscope) using
the TRITC filter at 0, 3 and 12h after the creation of the bleaching spot. We found
out that for both the control and UV exposure (Figure A.10a and b, respectively),
the bleaching spot maintains its characteristic octagonal shape (Figure A.10). This
result suggest that PBd-PEO bilayers are static most probably due to interchain
cross-linking of the diene groups.
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Figure A.10: TRIC filter images (10x lens, 4 × 4 binning, exposure time: 500ms) at
different time intervals for control films (a) and the corresponding exposed at UV (b).
In both cases the octagonal bleaching spot do not demonstrate fluorescence recovery.
Scale bar: 20um.

In these experiments, we implemented a chemical cross-linking protocol[185] and
assessed its qualitative effects on the mobility of supported poly(butadiene)-b-poly(ethylene
oxide) PBd-PEO bilayers. Moreover, we created supported PBd-PEO monolayers
on glass cover slip by Langmuir-Blodgett deposition at constant surface pressure
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(40mN/m). For the fabrication of the top layer, we made a solution of PBd-PEO
(34mol%), PBd-PEO-FITC (65mol%) and DHPE-Rhd (1mol%). The chemical crosslinking protocol included the following steps: Incubation of the supported bilayer
polymer film in a solution of potassium persulfate (0.01g/3ml) at Troom for 2h.
Addition of N a2 S2 O5 (17ul, 30wt%) and incubation at Troom for 1h. Addition of
F eSO4 7H2 O ( 7ul, 3wt%) and incubation at Troom for 1h. Afterwards, we exchanged
the cross-linking solution with 5ml of PBS (pH=7.4, 5x) and proceeded to the fluorescent studies. Using the inverted fluorescence microscope, we created bleaching spots
by means of the arc lamp. We took images (OLYMPUS IX71 inverted microscope)
using the TRITC filter at two different time intervals. We found out that in both
cases the bleaching spot maintains its characteristic octagonal shape (Figure A.11,
highlighting the static behavior of the supported PBd-PEO bilayer film.

0

3h

0
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28h

0

a

3h

12h

12h
28h

0

Figure A.11: TRITC images (40x lens, 1×1 binning, exposure time: 1s) of the control
supported polymer bilayers (a) and those treated by cross-linking reagents (b) at t=0
and ∼28h. Scale bar: 20um.
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A.10

Thickness of supported monolayers of block copolymer
mixtures

We examined the thickness differences between supported monolayers assembled
by only poly(butadiene)-b-poly(ethylene oxide) PBd-PEO (Mw = 10 kg/mol, PDI =
1.15 and wEO = 0.40) or their 50%n/n mixture with poly(butylene)-b-poly(ethylene
oxide) hPBd-PEO (Mw = 10.2 kg/mol (PDI = 1.14) and wEO = 0.39). The deposition
pressure during the Langmuir-Blodgett deposition was kept constant at 40mN/m
for both type of films. The thickness of these films was measured by ellipsometry
under dry conditions (LSE Stokes Ellipsometer 7109-C370, Gaertner, Section 6.2),
and right after the monolayers had been transferred on silicon wafers. We noticed
that the supported monolayer films assembled by an interfacial mixture of PBd-PEO
and hPBd-PEO ( 50%n/n) block copolymers demonstrated larger thickness than the
corresponding of solely PBd-PEO (Figure A.12). This thickness difference might
result from the potential chemical cross-linking between the diene groups of the PBd
chains, that constrain the extension of their corresponding blocks. In contrast, the
hPBd blocks dilute the presence of diene groups in the supported monolayer mixture
of hPBd-PEO and PBd-PEO, reducing the cross-linking between the neighboring
chains and resulting to a larger value of monolayer thickness. This result presents a
way for tuning the thickness of the film through the composition of block copolymer
chains.
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Figure A.12: Ellipsometric measurement of dry thickness at two different compositions of supported block copolymer monolayers.
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Gottschalk, Kay-E, Théry, Manuel, Mann, Matthias, and Fässler, Reinhard. 1and v-class integrins cooperate to regulate myosin ii during rigidity sensing of
fibronectin-based microenvironments. Nat Cell Biol 15, 6 (Jun 2013), 625–36.
[154] Schvartzman, Mark, Palma, Matteo, Sable, Julia, Abramson, Justin, Hu, Xian,
Sheetz, Michael P, and Wind, Shalom J. Nanolithographic control of the spatial
organization of cellular adhesion receptors at the single-molecule level. Nano
Lett 11, 3 (Mar 2011), 1306–12.
[155] Schwartz, Martin Alexander. Integrins and extracellular matrix in mechanotransduction. Cold Spring Harb Perspect Biol. (2010).
102

[156] Schwarz, U S, Balaban, N Q, Riveline, D, Bershadsky, A, Geiger, B, and Safran,
S A. Calculation of forces at focal adhesions from elastic substrate data: the
effect of localized force and the need for regularization. Biophys J 83, 3 (Sep
2002), 1380–94.
[157] Scomparin, C., Lecuyer, S., Ferreira, M., Charitat, T., and Tinland, B. Diffusion
in supported lipid bilayers: Influence of substrate and preparation technique on
the internal dynamics. European Physical Journal E 28, 2 (Feb. 2009), 211–220.
[158] Seitz, T L, Noonan, K D, Hench, L L, and Noonan, N E. Effect of fibronectin
on the adhesion of an established cell line to a surface reactive biomaterial. J
Biomed Mater Res 16, 3 (May 1982), 195–207.
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